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THE  MISSION  OF  AGARD 


The  mission  oi'  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
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in  connection  with  research  and  development  problems  in  the  aerospace  field. 

-  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 
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for  the  common  benefit  of  the  NATO  community. 
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THEME 


The  purpose  of  the  Symposium  was  to  convene  Specialists  in  Physics  of  the  atmosphere 
engaged  in  the  study  of  energy  transfers  in  the  form  of  waves  in  a  neutral  medium  and 
Specialists  in  Electromagnetic  Wave  Propagation  concerned  with  the  corresponding  modific¬ 
ations  of  the  electric  characteristics  of  the  medium  and  their  effects  on  Electromagnetic 
Waves. 


The  contribution  of  radioelectric  techniques  to  the  understanding  of  waves  excitation 
and  propagation  in  a  neutral  medium  and  inversely,  the  known  or  predictable  effects  of  such 
waves  on  the  propagation  of  electromagnetic  waves  in  a  disturbed  medium  were  of  concern. 

Acoustic  gravity  waves  of  every  origin,  either  natural  or  artificial,  were  within  the  scope 
of  the  symposium.  In  principle,  the  spectrum  was  limited  to  that  of  gravity  waves,  the 
periods  of  which  range  from  a  few  minutes  to  a  few  hours,  and  of  acoustic  cr  infra-sound 
waves  with  periods  below  a  few  minutes.  Atmospheric  tides  and  oscillations  on  a  planetary 
scale  were  regarded  as  marginal. 

The  range  of  frequencies  contemplated  for  electromagnetic  waves  could  vary  from  a  few 
kilohertz  to  a  few  gigahertz. 

All  the  radioelectric  techniques  likely  to  provide  information  on  the  structure  and  dynamics 
of  acoustics  gravity  waves  fitted  the  scope  of  the  symposium.  The  present  status  of  experi¬ 
mental  and  theoretical  knowledge  gained  owing  to  these  techniques  was  reviewed. 

As  regards  propagation,  such  effects  as  amplitude  or  phase  variations,  fluctuations  in  the 
directions  of  arrival,  the  generation  of  abnormal  modes  and  focusing,  were  considered,  and 
their  impact  on  telecommunications  examined. 


The  program  has  been  divided  in  five  sessions. 


SESSION  1  Acoustic  gravity  waves  in  the  neutral  terrestrial  atmosphere 
SUBSESSION  I  A  Natural  sources  and  propagation. 

SUBSESSION  1  B  Artificial  sources  and  propagation. 

SESSION  II  Coupling  between  the  ionised  aiinospheie  and  the  neutral  atmespnere  Uis*".'beu 
by  acoustic  gravity  waves. 

SESSION  III  Radio  electric  studies  on  acoustic  gravity  waves  in  the  neutral  and  ionized 
atmosphere. 


SESSION  IV  Influence  of  acoustic  gravity  waves  on  the  propagation  of  electromagnetic  waves. 
SESSION  V  Summaries  recommendations  and  future  investigations. 
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TECHNICAL  EVALUATION  REPORT 


■  on 

AGARD  SPECIALISTS'  MEETING 
on 

EFFECTS  OF  ACCOUSTIC  GRAVITY  WAVES  ON  ELECTROMAGNETIC  WAVE  PROPAGATION 

by 

P.  HALLEY 

1.  Introduction 

The  meeting,  sponsored  by  the  AGARD  Electromagnetic  Wave  Propagation  Panel,  was 
held  at  the  Roter  pavilion,  The  Kurhaus,  Wiesbaden,  Federal  Republic  of  west  Germany, 
from  17  through  21  April  1972. 

The  Technical  program  was  discussed  and  finalized  by  the  program  committee,  which 
convened  on  several  occasions  prior  to,  and  during  the  Meeting.  Among  the  decisions 
made,  it  should  be  pointed  out  that  a  classified  session  (Session  IV,  classified  up  to 
the  Secret  level)  had  been  planned  to  take  place  in  the  afternoon  of  20  April, 
simultaneously  with  an  unclassified  Session  IV  on  the  same  topic  "Influence  of  Acoustic 
Gravity  Waves  on  Electromagnetic  Wave  Propagation". 

After  discussion,  the  Program  Committee  decided  to  cancel  the  classified  session 
and  to  have  all  the  papers  presented  in  an  unclassified  session,  with  limited  or 
shortened  oral  presentations  if  necessary. 

The  purpose  of  this  report  is  to  provide  a  condensed  review  of  the  results  of  the 
meeting,  and  to  stress  the  points  on  which  light  was  thrown,  as  well  as  those  which 
remained  obscure  or  uncertain. 

During  Session  V,  entitled  "Summaries,  Recommendations  and  Future  Investigations" 
general  comments  were  presented  on  each  of  the  first  four  sessions.  These  comments 
were  gathered  in  the  report  on  Session  V  byi 

Prof.  H.VOLLAND,  for  Session  IA 
Dr.  8.L.  MURPHY,  for  Session  IB 
Dr.  K.  DAVIES,  for  session  II 

Prof.  I.  RANlil  and  Dr  H.  RISHBETH,  for  Session  III 
Dr.  H.  RAEMER  and  Dr.  D.  NIFL3GN,  for  Session  IV 

Therefore,  this  report  is  only  a  supplement  and  a  conclusion. 

2.  Specialists '  Meeting 

The  purpose  of  this  Meeting  was  essentially  to  gather  atmospheric  physics 
specialists  engaged  in  the  study  of  energy  transfors  in  wave  form  through  a  neutral 
medium,  and  electromagnetic  wave  propagation  specialists  concerned  with  modifications 
in  the  electric  characteristics  of  the  medium.  As  far  as  this  objective  Is  concerned, 
the  meeting  may  be  regarded  as  a  success,  and  each  participant  of  either  group  was 
provided  with  an  opportunity  to  be  informed  of  the  problems  with  which  the  other  group 
is  faced,  and  of  possible  solutions.  In  short,  the  aim  in  view  was  to  pass  on  from  the 
medium  of  characteristics  such  as «  pressure,  temperature,  gas  velocity,  etc.  to  such 
characteristics  asi  electron  density,  ion  density,  number  of  shocks  per  time  unit,  etc. 
Evidently,  as  there  is  only  one  medium,  all  the  characteristics  involved  in  the  various 
energy  transfer  equations  are  to  be  considered  simultaneously  to  study  disturbing 
acoustic  gravity  waves. 

Electromagnetic  propagation  through  the  atmosphere  involves  only  the  ej.ect.ric  and 
magnetic  characteristics  of  the  medium  which  are  present  in  Maxwell  equations  and  In 
associated  equations  necessary  to  the  solution  of  a  problem.  Tills  problem  seems  to  be 
more  simple  than  the  general  problem  ot  atmospheric  waves,  and  is  correctly  solved,  as 
demonstrated  by  thousands  of  experimental  observations. 

For  this  reason,  radioelectric  techniques  constitute  a  very  importc.nt  and  practical 
means  of  investigating  neutral  wave  excitation  and  propagation  conditions.  (A  considerable 
part  of  our  experimental  knowledge  on  neutral  waves  is  derived  from  observations  based  on 
radioelectric  wave  propagation) . 
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3.  Analysis  of  the  subject 

In  brief,  the  succession  of  research  operations  was  based  on  the  knowledge  of i 

a,  acoustic  and  gravity  wave  sources 

b.  acoustic  and  gravity  wave  propagation,  whether  the  process  involved  is 
linear  oi  non-linear. 

i- .  the  effect  of  acoustic  or  acoustic  gravity  waves  on  the  electric  character¬ 
istics  of  the  medium  and  of  the  electric  model  of  disturbed  atmosphere  which  it  is 
possible  to  schematize. 

d.  radioelectric  propagation  through  a  disturbed  medium. 

e.  techniques  for  improving  radio  communicati on  equipment  and  their  use, 
when  the  atmosphere  is  disturbed  by  A.  or  A.G.  waves.  (This  final  and  practical  point 
being  the  most  important) . 

3.1  in  actual  tact,  many  natural  sources  of  A.  and  A.G.  waves  were  identified,  among 
which  auroral  discharges  which  heat  up  the  atmosphere  and  move  sometimes  at  supersonic 
speeds,  carrying  along  associated  waves.  (R.C.  COOK,  paper  3;  G.R.  WILSON,  paper  6) 

Among  the  artificial  sources,  nuclear  explosions  in  the  atmosphere  are  the  most 
important.  For  a  low  altitude  explosion,  the  upward  shock  wave  generates  acoustic  waves 
and,  owing  to  a  complex  non-linear  process,  acoustic  gravity  waves  (B.L.  MURPHY  and 
S.L,  KAHALAS,  paper  10).  A  noise  ring,  acting  as  a  secondary  source  of  short  period 
waves  seems  to  be  generated  at  an  altitude  ranging  from  85  to  95  km  (J.  ROCARD,  paper  11). 
Lambs  atmospheric  edge  mode  excitation  seems  to  make  a  considerable  contribution  to  the 
first  or  first  two  cycles  of  acoustic  gravity  waves  produced  by  an  explosion  at  ground 
level  (J.W.  POSEY  and  A.D.  PIERCE,  paper  12). 

Several  authors  reviewed  the  results  of  calculations  carried  out  by  J.S.  GREENE 
and  W.A.  WHITAKER  on  the  basis  of  NEWTON'S  equations. 

Therefore,  the  time  and  space  source  functions  appear  to  be  fairly  well  understood 
in  the  two  particular  cases  of  the  auroral  curtain  and  of  low  altitude  energetic 
explosions. 

3.2  Although  it  is  very  complex,  the  linear  theory  of  A. and  A.G.  waves  is  now  advanced 
enough  to  be  applied  to  an  isothermal  or  non-isotnermal  atmosphere.  WHITHAM'S  kinematic 
theory  is  a  valuable  complement  to  the  classical  theory,  since  it  permits  an  easy 
calculation  of  trajectories. 

Non-linear  phenomana  pose  much  more  serious  problems. 

3.3  The  coupling  of  neutral  and  ionized  gases  is  expressed  by  coupled  hydrodynamic 
and  ionic  motion  equations  which  must  be  fulfilled  simultaneously,  without  disregarding 
non-linear  effects  (J.  KL0S7ERHEYER,  paper  14  and  N.J.F.  CHANG,  paper  13).  For  the 
time  being,  it  seems  difficult  to  state  which  is  the  prevailing  physical  process  in  each 
case,  and  hew  its  written  expression  can  be  simplified  to  develop  a  theory  easier  to 
handle . 


Travelling  ionospheric  disturbances  (TID5)  are  observed  and  analyzed  by  many  authors, 
among  whom,  G.B.  GOE,  [>aper  16,  reports  on  the  eflect,  at  the  F  region  altitude,  of  wind 
configurations  associated  with  tne  jet-stream.  At  the  altitude  of  the  tropopause,  G.A. 

MOO  and  A.D.  PIERCE,  jiaper  17,  who  observe  and  explain  the  oscillations  of  the  ionosphere 
during  periods  of  stormy  activities.  D.P.  KANELLAKOS  and  R.A.  NELSON,  paper  19,  who 
demonstrate  experimentally  the  validity  of  GREENE'S  and  WHITAKER'S  hydrodynamic 
calculations. 

However,  it  must  be  stated  that  models  of  neutral  and  ionized  atmospheres  disturbed 
by  A.  and  A.G.  waves  generated  by  the  various  identified  sources  either  do  not  exist  yet, 
or  are  far  from  complete. 

3.4  In  a  disturbed  atmosphere,  represented  by  a  simple  model,  it  is  possible  to 
calculate  the  propagation  of  radio  waves  in  the  H.F .  band  either  by  ray  tracing 

(P.  GEORGE,  paper  32)  or  by  an  all  wave  method  (H.  RAE.'lER,  paper  31).  Further  ray  tracing 
calculations  in  an  ionosphere  disturbed  by  atmospheric  gravity  waves  provide  the  Held 
amplitude  at  reception  (taking  account  oi  periodical  iocueinq)  and  the  azimuth  deviation 
(J.  ROTTGBR .  paper  33).  It  is  also  possible  to  determine  experimental ly  the  detailed 
structure  and  the  motions  of  TIDE,  by  tht  short  duration  pulse  technique  (pulses  shorter 
than  a  microsecond)  (G..'.  LKRFALb,  R.D.  JURGENS.  and  j. A.  JOSEl.YN,  paper  34).  This 
practical  technique  seems  to  be  very  promising. 

I  believe  this  particular  area  oi  research  could  be  developed  Iron  both  theoretical 
and  exj>erlmentul  viewpoints. 

3.5  papers  providing  if om.atlon  on  the  techniques  for  improving  radio  transmissions 
when  the  atmosphere  is  disturbed  by  acoustic  and  acoustic  gravity  waves  were  very  scarce. 
This  qap  was  duly  stressed  oy  the  SHAPE  Technical  Center  representatives.  However,  a  tew 
data  of  a  practical  nature  were  presented  by  n.  NIELSON,  paper  39  and  p.  HALLEY,  paper  .36. 


These  data  were  lin.ited  to  the  effects  of  nuclear  exp.tos.tona  on  H.F.  radio 
eoninunications.  They  were  oi  a  very  general  character,  and  qua  lit*,  tit/e  rather  than 
quanttretl ve . 

We  »ire  still  far  from  having  mastered  a  good  knowledge  of  the  electromagnetic 
energy  transfer  junction  between  two  distant  points. 

4.  Conclusions 

The  Wiesbaden  technical  meeting  has  provided  new  elements  on  the  understanding  of 
atmospheric  acoustic  gravity  waves  end  their  effects,  considerable  advances  have  been 
made  since  the  first  conerent  document  which,  as  far  aa  I  know,  was  published  on  this 
suoject  under  the  title*  "Acoustic  Gravity  Waves  In  The  Atmosphere",  Symposium 
Proceedings,  Boulder,  Colorado,  July  1966. 

It  may  be  concluded  that  the  model  representing  a  quiet  locosphere  through  which 
winds  and  tidal  waves  are  moving  should  be  completed  by  the  addition  of  natural 
atmospheric  acoustic  gravity  waves  which,  on  certain  days  and  at  certain  times,  modify 
the  slopes  of  isoelectronlc  surfaces,  disturb  mattimion  electron  densities,  modulate 
absorption  in  lower  layers  and  generate  focuasing. 

All  those  phenomena  are  of  interest  to  the  user  of  radio  communications  (especially 
in  the  H.F.  bandwidth),  who  is  still  far  from  deriving  the  maximum  benefit  from  natural 
propagation  possibilities. 

Investigations  on  acoustic  gravity  waveo  and  their  consequences  upon  radio 
communications  can  lead  to  detailed  short  term  predictions  of  Ionospheric  propagation 
conditions  in  a  given  geographic  area. 
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1.  Introduction 

La  rEunion  organisEe  sous  l'Egide  du  groups  de  travail  "Propagation  de  l'onde  ElectromagnEtique 
de  l'AGARD"  a  EtE  tonne  au  Roter  Pavilion  du  Kurbans  de  Wiesbaden,  REpublique  TEderale  tl 'Allemagne , 
entre  le  17  et  le  21  avril  1972, 

Le  programme  technique  a  Et«i  discutE  et  mia  au  point  par  le  comitE  du  programme,  qui  s'eut  rEuni 
a  differentos  reprises  avant  et  pendant  le  symposium,  Parmi  les  dEcisions  prises,  il  convient  de  signa¬ 
ler  qu'une  Session  IV  classifies  (jusqu'A  Secret)  avait  EtE  prEvue  pour  le  ?0  avril,  dans  1 'apris-midi , 
en  mAme  trips  qu'une  Session  IV  non  classifiEe,  sur  le  mEme  sujet  ;  "Influence  des  ondes  acoustiques 
et  de  gravitE  sur  la  propagation  des  ondes  EleetromagnEtiqueu. 

AprEs  discussion,  le  c-vsitE  du  programs  a  dEcidE  de  supprimer  la  session  classifiEe  et.  de  prE- 
senter,  en  session  non  classifiEe  toutes  les  conmunications  orales,  si  nEcessair*  limitEes  ou  Eccur- 
teos  dans  .leur  prEsentation. 

Le  but  du  present  rapport  eut  de  fournir  une  revue  tree  condensee  lies  rEsultats  obtenus  au  couro 
de  la  rEunion,  pour  signaler  autant  les  points  bien  EclairEs  que  les  points  restEs  ofcscurs  ou  incer¬ 
tains. 


La  Session  V,  souu  le  titre  "Sonroaircs,  Reconsaandstions  et  Recherches  futures",  a  perm.s  la  pre¬ 
sentation  ds  conanentaires  genEraux  sur  chacune  des  quatre  premieres  sessions,  Le  lccteur  trouvera  ces 
ccinmentaires  au  papier  V,  rEdigEs  pour 

la  Session  I  A  par  le  Prof,  H,  VOLLAUD, 

la  Session  I  B  par  le  Dr  B,L,  MURPHY, 

la  Session  II  par  le  Dr  K,  DAVIKS, 

la  Session  III  par  le  Prof,  I,  RAIiZX  et  le  Dr,  H,  RISHBtTli,, 

la  Session  IV  par  le  Dr,  RAIMLR  et  le  Dr,  D,  RILLSON. 

Le  prEsent  rapport  n'est  done  qu'un  cooplEment  et  one  conclusion, 

2,  La  rEunion  de  spEcialistes. 

Le  but  du  symposiisn  Etait,  entre  autres,  de  rEunir  des  spEcialistes  de  la  physioue  de  1 'atmosphere 
engagEs  dans  l'etude  des  transports  d'Energie  en  forme  d'onde  dans  le  milieu  neutre  et  des  spEcialistes 
de  la  propagation  de  l'onde  Electromagnet ioue  que  coneernent  les  modifications  des  caractEristiques  E- 
lectriques  du  milieu,  Sur  ce  point,  on  peut  dire  que  le  symposium  a  EtE  une  reuBsite  et  chacun  des  par¬ 
ticipants,  uppartenant  plus  porticuliArement  A  1'un  des  groupes,  a  pu  prendre  connaissance  de  la  forme 
des  problEmes  qui  se  posent  a  1'autre  groupe  et  des  solutions  possibles,  En  bref,  il  s'agissait  de 
passer  en  tout  point  du  milieu  des  caractEr iut  lques  telles  que  :  pressionj,  tempErature,  viteoBe  du  gat, 
etc.,  aux  caractEristiques  telles  que  :  densitE  Electronique,  densitE  ionique,  noabre  de  cliocs  pax  uni- 
tE  de  temps,  etc,,  Bien  entendu,  le  milieu  Etant  unique  ce  sont ,  en  principe,  toutes  les  caraotEristi- 
ques  qui  entrent  dan*  le*  aiffErentes  Equations  de  tror.sfert  d'Energie  sous  toutes  ses  formes,  qui  sent 
A  considErer  simultanEaent  pour  I'Etude  des  ondes  perturbatrices  "acoustiques  et  de' gravitE", 

La  propagation  ElectromagnEtique  dans  1 "atmosphere  n'interesse  que  les  caractEristiques  Electri- 
quea  et  magnEtiques  du  milieu  qui  entrent  dans  les  Equations  de  Maxwell  et  dons  les  Equations  cojuplE- 
mentaires  qu'il  est  nEcessaire  d'Ecrire  pour  rEsoudre  un  problAme  qui  apparaft  coitoe  plus  simple  que 
le  problAme  gEnEral  des  onaes  de  1  'atmosphere  et  qui  eut  bien  rEsolu  ccmtoe  le  monl-rent  des  sillier* 
u 'observat  ions  expErimentalns, 
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Pour  cette  raison,  l*s  techniques  redioAlsctrique*  sont  un  moysn  t.ri*  important  st  commode  ds 
rechsrehs  das  conditions  d'axcitation  at  da  propagation  das  ondaa  nautras,  (Ainsi,  un*  (rands  part 
da  nos  connaissancas  expirimsntalss  sur  las  onnas  nautras  jjrovisnt  d*  observations  utilisant  la  pro¬ 
pagation  das  ondas  redioAlsctriqus* ) , 

3,  L'analys*  du  sujst, 

En  icasa,  la  succession  das  op4 rations  da  racharchs  s'afractuait  sur  la  connaisaanca  i 

i)  -  das  sources  da*  ondas  acoustiquea  at  da  grav’tA, 

ii)  -  da  Xa  propagation  das  ondaa  acoustiquea  at  da  grevitA  an  prAssnc*  do  procasaus  linAeirss 
at  non-lipfteirss , 

iii )  -  da  l'cffst  das  ondaa  A  ou  A.Q.  sur  las  caractAristiqus*  Alsctrique*  du  milieu  at  du  noddle 

Alsctrique  d'atnojphAre  perturbAe  qu'il  sat  possible  de  schAmatisor, 

iiii)  -  de  la  propagation  radioAlwctrique  dans  la  milieu  psrturbA, 

iiiii)  -  das  tschniquss  destinies  i  1'stoAXioration  dts  materials  ds  radioco— nn,i cation  at  dt  laur 
•aploi,  an  pr4sanca  d'una  stmoephArn  agitAe  par  das  codes  A  ou  A.G., 

(Ca  darniar  point  fim^l  at  pratique  it  ant  la  plus  important). 

3.1.  Kn  fait,  da  nombreusaa  sourcaa  naturalles  d 'ondas  A  at  A.C,  ont  it*  identifies  f  pmrmi  las^uallaa 
lea  dAchsrges  auroral**  qui  Achauffsnt  1'staosphJrs  at  par  foie  sa  dAplacsnt  A  vitasae  super  aoni- 
qua  an  entraina&t  dea  ondaa  d'acccwpagnsmant  (p.K,  Cook  papiar  3,  G.R.  Vi1. son  papier  6), 

Parai  las  sources  artificiellss  il  faut  citar  principal  ament  lss  axplosiotia  nuclAaires  dans 
l'atmosphire.  Pour  une  explosion  A  basse  altitude,  l'onds  de  choc  ascendants  produit  dea  ondaa 
acoustiquek  at  par  un  processus  non-linAaire  complex*  dee  ondas  acoustiquea  at  d«  grevitA 
( B.L.  Murphy  at  S.L.  Kahalaa, papiar  10),  Una  couronc*  de  bruit  vAritab.Ie  Source  sac o«i» ire  d'on- 
das  de  courts  pAriode  aerait  cr Ate  entre  85  et  95  km  d'altitude  (J.  Rocard,  papiar  11),  L'axci- 
tation  du  mode  trenchant  de  Lamb  ipporters.it  une  contribution  import ante  an  pramiar  ou  aux  deux 
premiers  cycle-  dea  ondes  ecoustiquee  et  de  grevitA  engendrAes  par  une  explosion  au  niveau  du 
sol  (J.W.  Posey  et  A.D,  Pierce,  papier  12),  ! 

Plusieurs  auteurs  sent  revenue  sur  ie  rAsult.at.  das  calculs  effectuAs  par  J.S,  Greene  et 
W.A,  Whitaker  A  purtir  des  Aquations  de  iievtcn, 

i  | 

II  spparaft ,  done  quo  les  fonctions  source,  temporalis  et  spati'ale,  sont  approximativement 
saisies  dans  les  deux  cas  particuiiers  du  rideau  auroral  et  de  l'explosion  AnergAtique  A  basse 
altitude,, 

!  I  1 

3.2.  theorie  linAaire  des  ondes  A  et  A.C.  bien  quo  this  couplexe  dans  sa  gAnAralitA  est,  maintenant 
assei  avancAe  pour  At  re  exploitable  ft  atmosphere  iBotherme  et  non-isdtherre,  La  thAor.'.e  cinAma- 
tique  de  Whithem  vient  domplAter  asset  heujreusement  la  thAorie  claasique,  en  permettant  un  cel » 
cul  facile  de  trajectoire. 

Lea  phAnomdnes  pon-linAeires  posent  des  problAmes  beaucoup  plus  ardus, 

3.3.  Le  couplage  entre  le  (at  neutve  et  le  gaz  ionisA  se  traduit  par  1' Sqr iture ’d' Aquations  couplAes 

hydrodynamique  et  ionique  du  mouvsbient ,  qui  doivent  Itre  simultanAment  satisfaite*.  sans  nAjjli- 
ger  les  effets  non  linAaires  (j,  Klostermeyer,  papier  l*t  -  N..T.F.  Chang,  papier  13).  Pour  le  mo- 
nent,  il  paratt  difficile  de  dire  quel  est,  dans  cheque  cas,  le  processus  physique  dominant  et 
comment  on  peut  allAger  I'Acriture  pour  psrvenir  A  une  thforie  plus  maniabie,  ' 

Les  perturbations  ionosphAriqucs  it'nArantes  (PII)  sont  constatAes  et  analysAeB  por  ie  nombreu- 
auteuys  panel  lesquelo  nous  citeyons  :  C..B,  Gt,e  (papier  16)  qui  constate  t’effet  aux  altitudes 
de  la  rAgion  F  de*  configurat ionc  de  vert  liAes  au  courunt-jet  A  l’elcitude  de  la  tropopaust, 

i 

C.A.  Moo  et  A.O,  Pierce  (papier  17)  qui  constatent  et  expltquent  des  oscillation*  de  1'ionosphAre 
pendant  les  pAriodes  d’activitA  orageuse, 

O.P,  Kanellakos  et  R.A,  Nelson  (papier  19)  qui  montrsnt  par  1'expArience  la  validitA  das  calculs 
hydrodynmaique*  de  Greene  et  White!  ei  „ 

(.‘•pendant,  il  faut  bien  constater  qua  let  modAleu  d'atteosphAre  neutre  et  ionisAe  perturbAe  par 
ler  ondes  A.  et  A.C,  des  diffArentes  source*  identifiAes  sont  soit  inezistant*  soit  encoro  trds 
incomplets, 

3. ban*  I'atansphAre  perturbAe,  schAmatisAe  par  un  modele  simple,  il  est  posxible  de  calculer  la 
propagation  dee  ondes  radio  dans  la  bande  H.F,  soit  en  trajectographie  (p.  George,  ptpier  32) 
soit  par  une  mAthode  toute  orde  (H,  Raeaer,  papier  31).  U'eutres  calculs  de  trajectographie  dans 
unc  ionosphere  perturbAe  par  les  ondes  de  grsvitA  stmosphAriqu* fournissent  I'amplitude  du  champ 
A  la  rAception  (coopt*  tenu  des  focalisations  pAriodiquss)  et  la  dAfiation  «n  azimut  (j,  HBttger, 
papier  33).  Il  est  ggsleoent  possible  de  dAterminer  expAriment  element  la  structure  fine  et  les 
mouvements  des  P.I.I,  en  utilisant  la  technique  des  impulsion*  de  courte  durAe,  infArieure  A  1* 
vicros econde  (G.K,  Lerfald,  R.B,  Jurgens,  J.A,  Josalyn,  papier  3*0,  Cette  technique  pratique 
paraft  tr A*  prametteuse. 

A  »on  avis,  ce  domdine  particulier  de  la  recherche  pourralt  Atre  dAveioppA  tant  par  le  celcul 
que  par  I'expArienqe. 
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3,5.  Lea  papier*  fourni»»ant  daa  information*  aur  le*  technique*  a  employer  pour  aailiorer  lea  radio- 
commnication*  an  prlsca ca  d'una  atnoaphJra  ngitla  par  laa  oialea  acoustiquac  at  acouxtiquos  at 
da  gravity  ont  4tb  trie  pau  nemUreux,  Cartta  lacuna  a  <t t  aQaent  aoulignie  par  laa  repHsentanta 
dit  Sltapa  Tachnical  Center.  Quelque*  informations  pratiques  ont  cependant  itt  apportfas  par 
0,  Nielson  (papiar  39)  at  P,  Halley  (priaentation  orals  36), 

Cea  informations  4tai«nt  uniquoant  relatives  aux  conu^quancaa  d«a  explosion*  nuclfaires  aur  lea 
radiocomnunications  an  Kile*  ytaiant  trS*  j4n<rales  at  plus  qualitative*  qua  quantitative* , 

On  aat  encore  tr£a  loin  d'une  bonne  connaisaanca  da  la  fonction  da  tranafert  do  l’tnergie  yioc- 
troaag.n4tique  entre  deux  points  distant* , 

It.  Conclusions, 

La  reunion  technique  da  Wiesbaden  a  apportt  dr  nouvaaux  elfenenfc*  aur  la  connaisaanca  dea  ondes 
acouatique*  at.  d«  gravity  ataosph^riqua at  da  leura  effete,  qui  aarquent  un  progrde  important  aur  le 
premier  document  coherent  public  i,  aa  connriatance  eur  le  aujat  : 

"Acoustic-gravity  waves  in  the  atmosphere",  symposium  proceedings,  Boulder  Colorado  juillet  1968, 

Ma  conclusion  eat  quo  le  noddle  d'icnosphdre  calae  pnreourue  par  dea  vents  at  dea  undo*  de  mar  be 
doit  ttre  complbty  par  la  presence  d'ondea  acouatiques  at  de  gravity  natureU.ee  qui,  certains  jour* 
ou  ce.-ts.ines  heuree,  nodifient  le*  pente*  dee  surfaces  iaoblectronique*,  porturbent  lea  density*  41ec« 
troniquaa  maximal**,  modulersi  1 ' absorption  dans  le*  basics  couche*  ct  proroquent  das  focalisationa. 

Toua  ce»  phSncsidnes  intbreseent  i'exploitant  de*  moyena  de  radiocomnunication  (tout  particuliSre- 
ment  dans  la  bande  H,F, )  qui  eat  encore  loin  de  tirer  le  parti  maximum  de*  possibility*  naturelle*  de 
propagation, 

L'btudc  de* 
peut  conduire  i 
dan*  une  region 


ondes  acoustiques  et  de  gravity  et  de  leurs  oonnequences  aur  les  radiocommunications 
une  provision  a  court  terme  dytailiye  de*  condition*  de  propagation  ionoaphtrique 
gyographique  dyi.imitye  pour  cette  pryvision. 
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SOMMAIRE 


La  propagation  dee  ondes  radio  dana  l'ionosphire  cat  semblable  1  celle  des  ondes  acous- 
t.iques  et  da  gravite  dana  1' atmosphere  neutre,  I«s  deux  milieux  sont  aniaotropca  et  diaperaifa, 

En  outre,  le  profil  de  temperature  dans  l'atooephire  rappelle  dana  une  certaine  mesure  celui  do 
la  dana  it  £  des  electrons  dans  1 '  ionouphire,  La  trajectographie  pour  lee  ondes  acoustiquos,  revile 
1 'existence  de  rayons  hauts  et  de  rayons  beside  zones  de  silence,  etc. 
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SOME  ANALOGIES  BETWEEN  THK  PROPAGATION  OF  IONOSPI^RTC 
RAPID  WAVES  AND  ACOUSTIC-GRAVITY  WAVES 

Kenneth  Davies 

Space  Environment  Laboratory 
NOAA  Environmental  Research  Laboratories 
Boulder,  Colorado  80302 


ABSTRACT 

The  propagation  of  radio  waves  In  the  ionosphere  Is  similar  to  that  of  acoustic  gravity  waveB  In  the 
neutral  atmosphere.  Both  are  anisotropic  and  dispersive.  Furthermore,  the  temperature  structure  in  the 
atmosphere  is  somewhat  similar  to  the  electron  density  structure  in  the  ionosphere.  Ray  tracing  of 
acoustic  waves  exhibit  high-  and  low-  angle  rays,  skip  rones,  etc. 

1 .  INTRODUCTION 

Some  participants  at  this  meeting  will  be  familiar  with  ionospheric  radio  propagation  and  not  with 
acoustic-gravity  waves  whereas  there  are  some  who  are  more  familiar  with  the  propagation  of  acoustic- 
gravity  waves  than  with  ionospheric  radio  waves.  This  talk,  is  therefore,  tutorial  in  nature  and  is 
designed  to  show  that  the  two  types  of  waves  are  similar  in  several  respects. 

The  analogies  are  emphasized  by  defining  a  refractive  index  for  acoustic-gravity  waves  in  terms  of 
the  local  speed  of  sound  C  and  comparing  it  with  the  Appleton  equation  for  the  refractive  index  of  an 
ionized  medium  (Ratclif'fe,  J.  A.,  1959)-  it  will  be  shown  that  the  acoustic  cut-off  frequency,  ‘ua,  is 
analogous  to  the  plasma  frequency,  uuN  ,  and  that  the  buoyancy  frequency,  uug,  (also  called  the  Brunt- Vaisala 
frequency)  corresponds  to  the  electron  gyrofrequency  iq,  .  Acoustic  waves  are  similar  to  ionospheric  radio 
waves  on  frequencies  above  the  gyrofrequency  whereas  gravity  waves  are  similar  to  whistlers  (see  Halliwell, 

R.  A.,  1965)  which  propagate  on  frequencies  below  the  gyrofrequency. 

2.  CHARACTERISTIC  FREQUENCIES  AND  DIRECTIONS 

In  a  plane  stratified  and  isothermal  atmosphere  the  characteristic  direction  is  that  of  gravity, 
whereas  in  the  ionosphere  it  is  the  direction  of  the  geomagnetic  field.  There  are  two  characteristic 
frequencies  for  such  an  atmosphere.  The  first  of  these  is  the  acoustic  cut-off  frequency  u>a,  which  is  the 
natural  frequency  of  (compressions!.)  oscillation  of  the  entire  atmosphere  about  its  equilibrium  state.  The 
other  characteristic  frequency  (the  buoyancy  frequency,  iag)  is  the  frequency  of  oscillation  of  a  parcel  of 
air  about  its  equilibrium  level. 

In  a  uniform  neutral  plasma  containing  a  uniform  externa!  magnetic  field,  BQ,  the  two  corresponding 
characteristic  frequencies  are  the  plasma  frequency  and  the  gyromagnetic  frequency  %  .  The  former  is 
the  frequency  of  oscillation  of  the  electron  gas  when  displaced  from  its  mean  position  with  respect  to  the 
heavy  positive  ions.  The  gyrofrequency  is  the  frequency  wit'  which  a  single  electron  gyrates  about  the 
magnetic  field. 

It  is  clear  that  uua  and  depend  on  the  bulk  properties  of  the  respective  media  while  u)g  and 
refer  to  elements  of  the  media. 

As  in  ionospheric  radio  work  we  normalize  the  characteristic  frequencies  to  the  wave  frequencies 
and  use  the  symbols  X  and  Y  recommended  by  the  International  "Scientific  Radio  Union  (Ratcliffe,  J.  A.,  1959). 
These  symbols  are  defined  in  Table  1.  The  atmospheric  symbolism  is  as  follows: 

C ,  the  speed  of  sound 

g,  the  gravitational  acceleration,  assumed  independent  of  height 

H,  the  scale  height 

V,  the  ratio  of  specific  heats,  at  constant  pressure  and  c  rsstant  volume. 

One  difference  between  radio  waves  and  acoustic-gravity  waves  is  that  in  the  former  the  characteristic 
frequencies  ujn  and  are  independent,  whereas  the  frequencies  uva  and  uig  are  directly  related  thus: 

a  a  a 

V  «ig  *  *»'V'l)ma  .  (I) 


Insertion  of  the  diatomic  miue  y 


0.92 


'J.  e.i>  0 . 9  is: 

H  e 


1.4  yields. 
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(•■’ b) 


Thus  the  buoyancy  f r*?vjer;.cy  to  an  A  atmosphere  ‘is  necessarily  less  than  the  acoustic  frequency. 

It  ie  of  interest  to  r.cte  here  thee  in  an  atwofcphere  with  a  uniform  height  gradient  of  temperature 
the  acoustic  cut-off  and  buoyancy  frequency  j*  are  given  by 
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a  •  . 

Ufc  "  HI  (1  * 

— H'  ) 

Y-l 
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in  whicn  if  is  the  gradient  of  scale  height.  Under  these  conditions  m*  and  u*  are  equal  when  I!'w0.l8 
(see  Tolstoy  and  Lau,  1970) . 

3.  REFRACTIVE  INDICES 

The  refractive  index  n  for  acoustic-gravity  waves  of  frequency  uu  Is  defined  by 


u 


c 

v 


(5) 


where  v  Is  the  phase  velocity  and  k  the  propagation  vector  (see  Hines  C.  C.,  1965).  The  refractive 
index  formulas  are  given  in  Table  1  in  terms  of  the  angle  Y  between  the  propagation  vector  k  and  the 
horizontal . 


The  refractive  index  formulas  are  Identical  for  vertical  propagation  of  acoustic-gravity  waves  and 
for  transverse  propagation  of  radio  waves  as  are  the  expressions  for  group  speed. 

Refractive  index  curves  are  shown  in  Figure  1(a)  and  1(b)  for  acoustic  waves  and  HF  radio  waves, 
respectively.  For  X  <  1  both  families  of  surfaces  are  ellipsoids  while  for  X  •»  0  the  surfaces  are  spheres. 
For  values  of  X  near  unity  the  p  ellipses  are  highly  elongated.  In  fact,  for  radio  waves  they  degenerate 
to  a  line  in  the  direction  of  the  geomagnetic  field,  whereas  for  acoustic  waves  they  degenerate  to  a  point 
at  the  origin. 

On  low  frequencies  (Y  »  l)  there  are  marked  similarities  between  gravity  waves  and  whistlers  as 
shown  in  Tabic  2  and  in  Figures  2(a)  and  (b).  From  these  figures  it  Is  seen  that.  In  both  cases  the 
refractivt  Index  is  greater  than  unity,  the  refractive  index  surfaces  are  hyperboloids  and  that  propagation 
is  limited  to  certain  ranges  of  angles  and  frequencies  (see  Figure  3).  The  beaming  properties  of  gravity 
waves  are  shown  in  Figure  4(a)  and  are  similar  to  those  of  whistlers  sketched  in  Figure  4(b)  (Collet,  R., 
1563). 


A  peculiar  ftature  of  both  gravity  waves  and  whistlers  is  the  difference  between  the  directions  of 
phase  propagation  and  energy  propagation  (ray  direction).  Since  the  ray  direction  is  normal  to  the 
refractive  index  surface,  upward  propagation  of  phase  is  associated  with  downward  propagation  of  energy 
and  vice  versa.  On  the  other  hand,  for  both  HF  radio  waves  and  acoustic  waves  the  vertical  components  of 
both  phase  and  energy  propagation  are  in  the  same  sense.  Thin  can  be  seen  from  the  expressions  for  a  which 
are  posicive  in  Table  1  and  negative  in  Table  2. 

Another  interesting  feature  is  the  reversal  of  senses  of  rotation  of  the  elements  of  the  luedia. 
Acoustic  waves  produce  clockwise  rotation  of  the  air  parcels  whereas  gravity  waves  produce  an  anticlockwise 
motion  in  the  plane  of  propagation.  In  the  radio  analogy,  ordinary  waves  on  frequencies  nbove  the  gyro- 
frequency  cause  electrons  to  rotate  in  a  counterclockwise  fashion  looking  along  the  geomngnetic  field 
whereas  the  sense  of  rotation  is  clockwise  with  whistlers. 

4.  RAY  PATHS  OF  ATMOSPHERIC  WAVES 

4.1  Ray  Paths  of  Acoustic  Waves 

Ray  paths  of  acoustic  waves  in  the  earth's  atmosphere  illustrate  some  further  similarities  with  high 
frequency  radio  waves.  The  U.  S.  1962  Standard  Atmosphere,  shown  in  Figure  5,  is  temperature  stratified 
which  gives  it  layered  properties  somewhat  similar  to  the  electron  layers  of  the  ionosphere.  Acoustic  ray 

paths  in  the  model  atmosphere  are  shown  in  Figure  6  which  shows  that  for  a  given  wave  frequency  (or  period) 

waves  can  penetrate  the  atmosphere  through  an  iris  which  is  reminiscent  of  radio  waves.  The  ray  paths  of 
Figures  6(a)  and  6(b)  illustrate  the  dispersion  effects  as  the  wave  period  approaches  the  acoustic  cut-off 
period.  The  variations  of  ground  ranges  with  take-off  angles  with  the  vertical  (tp  ■  90-Y ) ,  see  Figure  7, 
show  the  existence  of  skip  zone3  -  observations  of  which  provided  the  first  evidence  of  the  temperature 
structure  of  the  upper  atraospnere  (see  for  example  Mitra,  S.  K.,  1952,  chapter  III).  Figure  7  also  indi¬ 
cates  the  existence  of  high-angle  and  low-angle  rays  as  in  the  case  of  radio  waves  (see  Davies,  K.,  1969, 

section  12.3) . 

5.  CONCLUDING  REMARKS 

Although  there  are  some  similarities  between  the  propagation  of  acoustic-gravity  waves  and 
ionospheric  radio,  there  are  basic  differences  which  must  be  borne  in  mind.  Some  of  these  differences 
are  listed  In  Table  3. 
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Comparison  of  dispersion  properties  of  atmospheric  waves  in  an 
isothermal  atmosphere  and  ordinary  radio  waves  In  the  ionosphere. 
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Comparison 

of  some  formulas  for  gravity  waves 

and  whistlers. 
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TABLE  3 

Some  differences 

between  atmospheric  waves  and 

radio  waves. 

Property 
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Radio 
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Propagation  of  acoustic 
and  HF  radio  waves 
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Motion  of  medium 
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AB3TOACT 


A  nov  genera-l-purpose  ray  tracing  program  for  acoustic-gravity  waves  has  been  developed.  It  allows 
atmospheric  wind  and  temperature  to  vary  In  all  three  rpatlal  dimensions  and  with  tine  and  accounts  for 
earth  curvature.  Ray  plots  show  the  characteristic  acoustic  ray  pctternn  of  a  standard  atmosphere  but 
alno  sows  interesting  and  unexpected  ray  geca.etries  in  ctces  of  more  complex  wind  fields  and  for  internal 
gravity  waves. 

1.  RATIONALE 

Ray  tracing  nan  been  successfully  employed  to  calculate  the  paths  of  wave-energy  flow  In  inhoooge- 
imoi*  anisotropic  media,  most  notably  for  radio  waves  in  the  ionospheric  plasma,  seismic  waves  in  the 
earth,  and  for  acoustic  waves  in  the  ocean  and  atmosphere.  A  few  attempts  have  been  made  to  extend 
aco uat  1  c-  r<\y  - 1  r  ac  i  ng  capabilities  to  low-frequency  acoustic-gravity  waves  in  the  atmosphere  (cf.  PIERCE, 
1966;  JONES,  1969;  CHANG,.  1969;  COWLING  et  al.,  1971),  but  eacn  scheme  so  far  developed  employs  simpli¬ 
fying  assumptions  or  idealized  models  that  limit  their  applicability  to  uhe  real  atmosphere.  In 
particular,  the  effects  of  winds  are  sometimes  ignored  or  are  at  most  constrained  to  be  horizontal  and  to 
hrve  only  vertical  gradients.  Other  approaches  ignore  either  the  effects  of  gravity  or  compressibility, 
and  most  neglect  earth  curvature  and  horizontal  temperature  gradients.  Finally ,  no  acoustic-gravity 
ray-tracing  program  of  which  we  are  aware  is  well  documented  and  aval  Idle  In  a  "user-oriented"  form,  i.e. , 
easy  to  use  and  readily  adaptable  to  digital  computers  in  common  use. 

The  program  described  here  is  designed  to  overcome  these  limitations  in  the  following  ways: 

(a)  Ray  equations  are  derived  from  Hamilton's  equations  (rather  than  variations  of  Snell's  Law) 
and  allow  three-dimensional  gradients  of  atmospheric  wind  and  temperature  fields; 

(b)  A  Hamiltonian  appropriate  to  acoustic-gravity  waves  in  a  windy  atmosphere  allows  a  single 
program  to  apply  to  the  whole  wave  spectrum  from  pure  acoustic  to  internal  gravity  waves; 

(c)  Earth  curvature  is  accounted  for  by  writing  Hamilton's  equations  in  earth-centered  spherical 
coordinates ;  and 

(d)  Programming  io  modeled  after  the  Jones-ITS  ionospheric  radio  ray-tracing  program,  which  has 
evolved,  over  several  years  of  widespread  use,  into  a  thoroughly  tested  end  highly  user-oriented  tool 
(JONES,  1966). 

This  papier  briefly  describes  the  worfeings  and  capabilities  of  the  program.  Further  details  and 
instructions  for  its  use  appear  in  a  NQAA  Technical  Report  (GEORGES ,  1971)  that  can  be  supplied  upon 
request . 

2.  THE  RAY-TRACING  EQUATIONS 

Hamilton's  equations,  when  applied  to  wave  propagation,  can  be  thought  of  as  a  differential 
expression  of  Fermat's  Principle  of  Stationary  Time.  Their  applications  to  geometrical  optics  and  to 
geometrical  acoustics  sure  discussed,  respectively,  in  the  texts  by  KLINE  and  KAY  (1965 )  end  LANDAU  and 
LIFSHITZ  (1959)-  In  their  simplest  vector  form,  they  can  be  written 


and 
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where  a  dot  indicates  total  time  differentiation,  K  is  the  wave  vector,  and  r  Is  a  point  on  the  ray  path. 
The  Hamilton  (H)  is  a  quantity  whose  constancy  defines  the  ray  path,  given  appropriate  initial  conditions 
arid  a  model  atmosphere.  For  acoustic- gravity  waves,  H  is  given  by  the  wave  dispersion  relation,  such  as 
that  developed  by  HINES  (i960),  TOLSTOY  (1963),  end  others  for  Isothermal  atmospheres  without  winds.  The 
generalization  to  include  wind*  is  straightforward  and  is  discussed  by  PITTEWAY  and  HINES  (1965).  The 
isothermal  dispersion  relation  given  the  appropriate  Hamiltonian  for  ray  tracing  in  nonisotheraiU. 
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atmosphoras  because  the  geomatrieal-acouBtica  approximation  la  equivalent  to  assuming  that  the  medium  la 
homogeneous  and  la  valid  only  when  that  assumption  le  valid.  The  Hamiltonian  la  then 

H  -  fi"  -  Q2C2K2  -  S'i2^2  +  C2^2;^  “  o  (2) 

where  fl  is  the  intrinsic  wave  frequency  with  respect  to  the  air  moving  at  a  local  wind  velocity,  y,  whose 
components  are  vr,  vq  and  v$  in  spherical  coordinates,  r,  8,  <j>.  The  wave  frequency  measured  in  a  fined 
frame  is  u  «  (1  +  JC  "  x,  where  K  is  the  wave  vector  (kj.,  kg,  k^).  The  horizontal  component  of  K  is  k}l. 

The  local  speed  of  sound  is  C,  is  the  acoust ic-cutoff  frequency,  Ys/2'J,  and  u.<£  1b  the  square  of  the 
Brunt  frequency,  (y-l)g2/C2  +  g(3C2/3z  )/C2 .  In  accordance  with  the  analysis  of  EINAUPx  and  HINES  (1970), 

a  modified  definition  of  otj,  is  adopted,  which  accounts  for  the  effects  of  vertical  sound-speed  (tempera¬ 
ture)  gradients  on  atmospheric  stability.  Substituting  (2)  into  (l)  and  expressing  in  spherical 
coordinates  ( BRAHDSTATTER ,  1959),  we  got  the  six  coupled  differential  ray-tracing  equations: 


—  -  Clk  iff  +  v 
dt  r  r 


(3) 


f  -  i  }  c*ke(n2  -  ,u2)  r/a  ♦  v6 


(fc) 


M  .  _ i 

dt 


TlTTe  v^J 


(5) 


dT  ’¥§  K-cV,F  +  (keS}  &  ~t~  -  S  •  37  +k0  f  +  k*  3in  0  « 
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dk, 

dt 
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3v  ^  .. 

at  ~  ke  dt  +  rk()>  C0B  6  dt 
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dt1  “  T^iT0  j  c  H  (<"cV)F  +  (k0+k^  §1?  (fr)  -  5  *  3?-  Vin6f-  -  rk*  TOBelf  j  • 


(8) 


where 


F  =  (2  f52  -  w2  -  C2k2)-1 


TheBe  equations,  though  apparently  complicated,  are  readily  integrated  by  standard  numerical  methods  to 
yield  r(t)  and  K(t).  The  addition  of  a  seventh  equation. 


diiJ 

'  XS 

dt 


g  3C 
C  ot 


(u>2-C2k2)  F 
a 


(9) 


permits  integration  of  Doppler  shift,  provided  the  medium  does  not  vary  appreciably  during  ray  transit. 

The  program  described  here  uses  a  standard  Adams-Hculton  integration  scheme  with  variable  step 
length  and  error  checking.  The  user  specifies  the  maximum  tolerable  fractional  integration  error  per 
step  and  thu3  has  the  option  of  trading  computer  running  time  for  accuracy. 

i,  USING  THE  PROGRAM 

The  program  is  designed  to  be  used,  for  the  most  part,  like  a  "black  box,"  that  is,  without  much 
knowledge  of  its  inner  workings.  Parameters  that  the  user  may  wish  to  vary  (for  example,  initial 
conditions,  wave  variables,  and  model  atmosphere  parameters )  are  input  via  a  data  deck  with  ore  such 
parameter  per  card.  Sequential  ray  calculations,  such  as  stepping  ray  launch  direction,  are  automatically 
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provided  tor.  In  addition  to  a  comprehensive  printed  output,  automatic  ray  plots  may  be  obtained  on  com¬ 
puter*  with  cathode-ray-tube/mtcrofilm  output  capabilities. 

Several  simple  model  atmospheric  wind  and  temperature  fields  vith  variable  parameters  are  included 
in  the  program's  repertoire,  and  the  user  may  readily  substitute  his  own  models.  In  its  present  form, 
the  program  accepts  only  continuous  analytic  descriptions  of  wind  and  temperature  fields,  but  virtually 
any  desired  field  may  be  fitted  with  analytic  functions. 

4.  ILLUSTRATIONS  OF  APPLICATIONS  -  ACOUSTIC  WAVES 

Figure  1  displays  the  kind  of  ray  plot  often  produced  by  simpler  programs:  that  of  ordinary 
acoustic  waves  in  a  standard-atmosphere  temperature  profile.  Here,  however,  a  wind  blows  toward  the 
right  and  increases  logarithmically  with  height.  Note  particularly  the  influence  of  the  wind  or.  where 
rays  return  to  the  ground.  The  wave  source  in  this  example  la  near  the  tropopause,  bo  that  pronounced 
ray  ducting  is  also  evident. 

Figure  2  shows  acoustic  ray  paths  through  an  isothermal  cylindrical  vortex  with  a  solid-rotating 
core.  The  ray  geometry  is  independent  of  spatial  scale  and  so  is  relevant  to  smaller  vortices,  such  as 
those  generated  in  aircraft  wakes,  as  well  as  to  cyclonic  weather  features  of  synoptic  scale.  The  only 
variable  parameter  of  the  problem  is  the  ratio  of  the  maximum  wind  speed  in  the  vortex  to  the  Bound  speed 
and  is  indicated  on  the  4  panels  of  the  figure.  This  maximum  is  attained  at  the  dashed  circles  in  the 
figure;  inside  the  circle,  wind  speed  varies  approximately  as  the  radius,  while  outside,  it  falls  off 
nearly  as  the  inverse  radius.  This  problem  is  further  discussed  in  another  paper  (GEORGES,  1972). 

Figure  3  shows  schematically  how  anisotropy  and  nonreciprocity  introduced  by  winds  affect  ray 
propagation  in  acoustic  sounding  of  the  troposphere.  In  general,  refraction  alters  the  location  of  the 
scattering  volume,  the  scattering  angle,  and  the  magnitude  of  the  Doppler  shift.  GEORGES  and  CLIFFORD 
(1972)  further  analyze  refractive  effects  in  acoustic  sounding. 

5.  ILLUSTRATIONS  OF  APPLICATIONS  -  I NT  Hi  UAL  GRAVITY  WAVES 

Because  ray  paths  of  internal  gravity  waves  are  much  more  difficult  to  develop  intuitive  feelingB 
for  than  ore  acoustic  waves,  one  tends  to  use  a  ray-tracing  program  much  like  a  new  experimental  tool: 
Internal  gravity  ray  paths,  even  in  simple  wind  and  temperature  fields,  often  exhibit  unexpected  behavior. 
An  example  is  provided  by  the  simple  case  of  gravity-wave  propagation  in  a  region  of  linear  temperature 
gradient.  Figure  4  shows  two  gravity-wave  rays  launched  upward  and  downward  in  such  a  temperature  profile. 
An  explanation  of  the  cuspllke  reflection  behavior  can  be  found  by  considering  the  direction  of  the 
normals  to  the  constant-(s/<Ub  surfaces  in  the  (C  plane  (figure  4  insat),  which  indicate  ray  direction. 

Waves  launched  in  a  horizontally  stratified  medium  must  maintain  kx  constant  as  they  propagate;  therefore, 
as  temperature  (and  thus  W5)  changes,  one  estimates  changes  in  ray  direction  by  sliding  up  or  down  a 
vertical  line  through  the  diagram  and  noting  the  resulting  changes  in  direction  of  the  surface  normals. 

For  example,  a  ray  whose  phase  fronts  are  launched  downward  and  that  propagates  upward  into  increasing 
temperature  (increasing  y/u^)  experiences  a  gradual  ray  steepening  until  kz  ■+  0  when  ray  direction 
abruptly  reverses,  executing  the  cuBplike  reflection  (not  a  true  mathematical  cusp)  depicted  in  figure  4. 
The  level  of  reflection  of  a  gravity  wave  depends  only  on  the  value  of  kx  and  can  be  found  by  setting 
kj  “  0  in  the  dispersion  relation,  giving  the  minimum  value  of  105/0)  for  a  given  kx: 

n  z  -  1 
x _ 

nxz  -  1.225 

where 


=  Ck^/u)  .  (10) 


Figure  5  illustrates  how  internal  gravity  waves  may  be  ducted  in  a  temperature  minimum.  Evidently 
the  vertical  propagation  of  internal  gravity  waves  tends  to  be  restrained  in  the  presence  of  temperature 
gradients,  regardless  of  whether  temperature  increases  or  decreases.  ECKART  (i960)  shows  ray  paths  that 
display  thi3  behavior. 


Because  internal-gravity-wave  phase  speeds  are  considerably  slower  than  those  of  acoustic  waves, 
gravity  waves  Interact  much  more  strongly  with  atmospheric  wind  fie/ids  than  do  acoustic/ waves .  Gravity- 
wave  ray  paths  in  a  linear  wind  profile  of  gradient  0.1  m/s/km  serye  to  Illustrate  they/  nature  of  the 
interaction.  Figure  6  shows  five  gravity-wave  rays  launched  downwind.  Each  wave  eventually  reaches  its 
own  "critical  level,"  i.e.,  where  the  wind  speed  equals  the  horiz/ntal  trace  speed  of/the  wave.  Each 
wave  approaches  an  asymptotic  condition  in  which  the  wave  vector  /cends  toward  vertical,  and  phase  velocity 
toward  zero .  /  /  ■ 


Gravity  waves  launched  upwind  exhibit  a  quite  different /oehavior ,  as  illustrated  in  fi 


ray  la  refracted  upward  and  is  eventually  turned  around  by  the/ wind  shear. 


of  g  Is  it  >  45°  angle  with  y 
figure  7. 


and  lateral  ray  deviation  alscy  occurs ,  as  illustrs/ed  ii 


example,  t 
1  thf  -Jl 


fair.'  7-  The 
/he  azimuth/ 
lan  view  i/ 
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6.  CONCLUSIONS 

Those  few  examples  illustrate  the  capable  ties  of  the  3D  ray-tracing  program  in  simple  model 
atmospheres  and  show  some  ray  path  properties  that,  as  yet,  have  not  apparently  been  appreciated. 

It  is  expected  that  the  program's  capability  s  will  be  refined  with  use  and  in  response  to  user 
needs  and  suggestions.  Such  suggestions  are,  of  course,  welcome. 
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ACOUSTIC  WAVES  IN  1962  U.S. .STANDARD  ATMOSPHERE 

f  =  300  Hz;  Logarithmic  Wind  Profile:  u=IOm/s  of  1  km 
Elevation  Angle  Varies  from  -20°  to  200°  in  10°  Steps 


1  |100  km| 

Fig.  I  Acoustic  v/aves  in  1962  U.S.  Standard  Atmosphere  temperature  profile  and  a  wind  blowing  to  the  right 

and  increasing  logarithmically  with  height. 


„/C  »  1/20 


Fig. 2  Acoustic  ray  paths  through  a  model  vortex  with  a  viscous  core.  Tangential  velocity  maximizes  along  the 
dashed  circles  and  has  the  speed  indicated  on  each  panel.  (Spatial  scale  is  arbitrary). 
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NON  RECIPROCITY 
IN  ACOUSTIC -ECHO  SOUNDING 
ISOTHERMAL  ATMOS. 
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Fig. 3  Acoustic  ray  path  in  an  acoustic-sounding  geometry  illustrating  nonreciprocity  in  the  presence  of  wind  shear 
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fig. 4  Internal-gravity  ray  paths  in  a  positive  linear  temperature  gradient,  illustrating  cusplikt.  reflection  of  the 
upgoing  ray  and  the  asymptotic  approach  to  Horizontal  of  the  downcoming  rays. 
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CREATION  hT  PROPAGATION  D'ONDES  SONORES  ENTRE 
L' IONOSPHERE  ET  LA  BASSE  ATMOSFiERE 


par 


R,  K,  Cook 


SOflAIRE 


DiffSrents  processus  physiques  engendrent  dans  la  basse  atmosphere,  des  ond.es  sonores  a 
dea  frequences  infrasoniquts  (pSrioies  oscillatoires  >  1,0  sec,),  Parmi  les  sources  typiques  .e  ces 
ondes  sonores,  on  peut  citer  les  explosioiifi  volcanigues,  lej  trembl  essence  de  terre,  les  groa  orages, 
et  les  ondes  de  choc  cr£€es  par  des  yeiiicuJ.es  se  dfiplaqant  A  des  vitesseB  supersoniquec ,  Pans  1' io¬ 
nosphere,  les  phtnom^nes  cr£ateurs  d'infra-sons  comprennent  les  dfechargeo  auroroles,  ainsi  quc  leu 
ondes  de  choc  provoquGes  par  des  satellites  ou  des  m£t£orites  Svoluact  a  des  vitesses  super soniques, 
Hous  pr£ser.tono  les  r&ultata  d'une  analyse  portant  sur  la  production  u’ondes  sonores  et  leur  propa¬ 
gation  descendante  dues  aux  effete  d'£chauf  fement  des  d£charges  aurorales,  en  particulier  dans  le  cas 
dea  ondea  se  dSplaqant.  a  dea  vites'  as  supersoniques  parallSlement  i  la  surface  de  la  terre,  Leo  on¬ 
des  "de  choc"  de  ces  d£chargea  se  propagent  seloi.  une  fajectoire  descendante  a  forte  pente  j  It.ur 
perte  d'Suergie,  due  A  I'abaorption  par  viecositt  et.  i  la  conduction  de  la  cha-leur,  est  trds  faible, 
On  les  observe  frfquenaent  dans  des  stations  infresonigues  situ£es  aux  latitudes  elcvfees„  Une  esti¬ 
mation  de  l'Schauffement  auroral  est  tir£e  de  la  puissance  <fes  infraesonB  observes  a  'a  surface  de  la 
terre. 
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GENERATION  AND  PROf'AOATlCW  OP  SOUND  WAVE3 
BETWEEN  THE  IONOSPHERE  AND  THE  LOWER  ATMOSPHERE 

Richard  K.  Cook 
National  Bureau  Standards 
Washington,  D.C.  USA 

3UMIAHY 

Various  physical  processes  generate  sound  waves  at  lnfrasonlc  frequencies  (oscillation  periods  > 

1.0  aec)  in  the  lower  atmosphere.  3 owe  typloal  sources  are  volcanic  explosions,  earthquakes,  severe 
storms,  and  the  shock  waves  from  vehicles  moving  et  supersonic  speeds.  In  the  ionosphere,  sources  of 
Infrasound  include  auroral  discharges  and  shock  waves  from  satellites  and  meteorite*  moving  at  supersonic 
a needs .  We  present  the  results  of  an  analysis  for  the  generation  of  sound  and  propagation  downwards  due 
to  the  heating  effects  of  auroral  discharges,  particularly  those  traveling  at  supersonic  speeds  in  direc¬ 
tions  parallel  to  the  earth's  surface.  The  "shook”  waves  from  such  discharges  are  propagated  steeply 
downward  with  very  little  loss  of  energy  from  absorption  by  viscosity  and  heat  conduction,  and  are 
frequently  observed  at  lnfrasonlc  stations  located  at  high  latitudes.  An  eatlaiste  of  auroral  heating  Is 
derived  from  the  observed  strengths  of  Infrasound  at  the  earth's  surfaoe. 

1  Introduction 

The  aurora  borealis  gives  rlas  to  two  types  of  lnfrasonlc  waves  found  in  the  atmosphere  of  the 
northern  hemisphere  at  temperate  and  high  latitudes.  The  first  type  Is  found  at  mid- latltudos  during 
sufficiently  strong  magnetic  storms  even  In  the  absence  of  a  visible  aurora  at  the  geographical  location 
of  the  lnfraaor.ic  station.  The  second  type  of  lnfrasonlc  wave,  found  near  the  auroral  oval  at  high 
latitudes  when  visible  sharply  defined  auroral  forms  travel  overhead  across  the  station  location  at 
supersonic  speeds  has  directions  of  propagation  and  horizontal  trace  velocities  very  nearly  the  same  os 
those  or  the  visible  auroral  form.  We  shall  develop  and  examine  the  consequences  of  a  hypothesis  that 
the  second  type  of  lnfrssound  in  generated  by  Ionospheric  heating  caused  by  auroral  electrloal  discharges. 

The  latter  type  of  Infrasound  has  been  regarded  as  an  acoustical  how  wave  In  the  Ionosphere  (Chlaonas 
snd  Peltier.  1970).  The  bow  wave  Is  presumed  to  be  generated  by  the  eleotrojet  line  current  of  the 
auroral  form.  In  supersonic  motion  perpendicular  to  its  own  length,  and  moving  parallel  to  the  earth's 
surface.  The  question  Is  left  open  by  the  authors  as  to  whether  the  Joule  heating  In  the  electrojet,  or 
the  Lorentz  force  on  lta  moving  charges,  gives  rise  to  the  bow  wave. 

In  the  analysis  given  below  we  start  from  the  rather  different  assumption  that  a  thin  plane  sheet 
of  the  vertically  descending  Ions  forming  an  auroral  arc  generates  a  uniform  amount  of  heat  per  unit  area, 
causing  a  practically  instantaneous  rise  In  temperature  _T  of  the  atmosphere,  and  oauslng  as  well  the 
visible  auroral  discharges. 

1.1  Measurement  of  auroral  lnfrasound 

The  electroaooustlcal  system  used  at  an  lnfrasonlc  station  typically  consists  of  an  array  of  at 
least  four  microphones,  associated  electronic  fllter-empllflers,  and  recorders.  Tho  system  Is  designed 
for  use  as  a  steered  array.  Five  characteristics  of  lnfrasonlc  waves  passing  through  the  station  area 
are  determined:  (l)  the  amplitude  and  waveform  of  tho  inoldent  sound  pressure,  (2)  the  direction  of 
propagation  of  the  wave,  (3)  the  horizontal  trace  velocity  ch,  (4)  the  distribution  of  sound  wave  energy 
at  various  frequencies  of  oscillation,  and  (5)  the  time  of  —occurence  of  the  lnfrasound. 

The  microphones  are  located  at  ground  level,  approximately  in  the  same  plane,  und  on  the  avirage  are 
about  0  km  apart.  Sec  Figure  1  for  the  station  at  Washington  D.C.  Those  located  near  t.he  auroral  zone 
have  similar  configurations.  Fuller  details  on  the  measurement  of  lnfrasound  have  been  given  (Cook  and 
Bedard,  1971),  snd  a  general  suamary  of  the  observations  made  at  several  atr.tiona  of  an  lnfrasonlc  network 
has  been  published  (Cook,  X969) . 

1.2  Results  of  measurements 

An  extensive  series  of  observations  has  been  made  (Wilson  snd  his  associates,  summarized  by  him, 

1971).  on  the  infrnaound  associated  with  auroral  activity.  Hla  measurement  system  Is  essentially  the 
same  as  that  described  above.  Wont  of  the  lnfrasonlc  events  are  wave  packets  wnloh  rise  suddenly  out  of 
the  noise  and  last  for  only  a  few  cycles.  The  lnfrasound  Is  apparently  generated  by  visible  sharply- 
defined  large-scale  auroral  arcs  tiaveltng  overhead  at  the  lnfrasonlc  station  at  supersonic  speeds.  Many 
of  the  observations  were  made  at  the  lnfrasonlc  station  at  College,  Alaska,  supplemented  by  data  from 
temporary  stations  at  Palmer.  Alaska  and  Inuvik.  Northwest  Territories.  A  brief  summary  of  the  basic 
conclusions  from  the  data  Is:  (a)  the  average  horizontal  trace  velocity  is  supersonic,  c  «  513  m/eec; 

(b)  the  transient  pulses  of  sound  have  about  the  sane  direction  of  propagation  and  velocity  as  faat- 
movlng  auroral  arcs  overhead  at  Alaska,  measured  with  an  all -aky  camera;  (c)  the  dominant  period  of 
oscillation  Is  about  20  sec;  (d)  peak  round  pressure  Is  typloally  3  dyn/cm  ,  and  (e)  each  pulse  Is 
of  only  a  few  minutes  duration. 

The  observations  of  lnfrasound  at  the  surface  of  the  earth  and  of  the  visible  auroral  form  with  an 
all-sky  camera  can  be  explained  by  means  of  Wilson's  shook  wave  model.  In  which  the  supersonio  notion  of 
the  leading  edge  of  an  auroral  arc  gives  rise  to  en  acoustical  shock  wsvs  (See  Figure  2).  The  low«>'  edge 
of  the  aurora  serves  as  a  line  source  (perpendicular  to  the  plane  of  the  paper).  A  particular  pulse 
arrived  at  the  ground  station  microphones  420  sec  after  an  auroral  arc  passed  overhead.  The  420  sec  delay 
corresponds  to  a  source  altitude  of  l4o  km  for  an  assumed  average  sound  velocity  c  %  300  w/sec  for  the 
pulse  during  its  passage  downward  through  the  atmosphere,  and  measured  c.  %  680  m/sec.  This  altitude 
Is  to  be  ci  mpared  with  the  known  eights  of  visible  auroral  arcs,  which  Iff  most  instances  have  streamers 
extending  from  110-k»  to  lU5-km  altitudes. 
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2.  Analysis  for  generation  of  auroral  Bound 

The  baalc  assumption  we  make  here  la  that  a  thin  plane  aheet  of  the  vertically  dencendln,-  Iona  form¬ 
ing  an  auroral  arc  ganaratea  a  uniform  amount  of  heat  par  unit  area,  caualng  a  practically  lua lantenooua 
rlae  In  temperature  At  of  the  atmosphere,  and  causing  aa  well  the  visible  auroral  discharges.  The  sheet 
moves  In  a  dlrectlon~perpendlci.il, it  to  ita  plane  at  a  auperaonlc  speed  Me,  where  c  »  local  apeud  of  sound 
near  the  aheat  and  |J  -  Mach  number  of  the  moving  aheet,  see  Figure  3.  The  aheet  ends  abruptly  where  It 
hao  Its  lower  edge  at  a  height  h  above  the  surface  of  the  earth.  The  density  £  of  the  atmosphere  remain 

unchanged,  and  therefore  the  pressure  Jumps  by  an  amount  Ap  -  pRAT  aa  the  sheet  puasey  any  point  In  tho 

atmosphere.  In  effect  the  heating  serves  aa  a  body  "force"  for  the  generation  of  sound. 

the  temperature  and  pressure  Jumps  will  gradually  decay  with  time  except  for  Jumps  arising  subse¬ 
quently  from  shocks  appearing  at  the  lower  edge  of  the  sheet  (to  be  djacuased  presently).  But  the  baalc 
features  of  the  generation  of  sound  can  be  arrived  at  by  conaideving  th*  leading  plane-sheet  a*  a  heat, 
aourre,  Ita  lever  edge  gives  rise  to  two  shock  waves,  the  one  propagates  down  towards  the  surface  of 
the  earth,  and  the  other  proceeds  towards  the  upper  atmosphere,  rue  Figure  3.  In  order  to  see  how  these 
are  formed,  we  use  the  Fourier  Integral  method  to  solve  the  boundary  problem  poaed  by  the  pretence  of 
the  lower  edge  of  the  supersonically  movlti;  busted  plane  sheet,  where  there  Is  a  pressure  discontinuity. 

The  first  step  la  to  find  the  downward-traveling  and  upward-traveling  plane  sinusoidal  sound  waves 
accompanying  a  plane  wave,  having  a  sharp  lower  edge,  of  sinusoidal  variations  in  pressure.  The  latter 
travels  at  the  supersonic  speed  Me  and  has  *:  time  variation  oi  exp  (iu>t)  in  the  upper  half  of  the  it-ii 

plane.  Figure  3  shows  the  geometry  or  the  three  plane  wavea,  whose  surfaces  of  constant  phase  are  par¬ 

allel  to  the  jf-sxle  (perpendicular  to  the  plane  of  the  paper). 

Supersonic  pressure  wave; 

p  »  A  exp  i(u)t  -  k0x) ,  when  i  io 
*■  0,  when  z  <  0 

Downward  traveling  sound  wave;  (1) 

pd  -  B  exp  i(iot  -  kQx  +  kzz)  ,  z  <  0 
-  0  when  r.  jt  0 

Upward  traveling  sound  wave; 

pu  «  C  exp  l(u>t  -  k0x  -  kzz)  ,  when  r.  u=  0 
«  0,  when  z  <  0 

2  2  1  f 

The  magnitude  of  the  wave  number  vector  for  both  sound  waves  is  k  ■*  (kQ  +  kz  )*  “  uj/c.  Also  U0  -  iu/Mc, 
and  so  kz  -  («>/>')  (1  -  1/M2)?. 

The  amplitudes  B  and  £  of  the  two  sound  waves  are  found  from  the  following  boundary  conditions  ot 
the  lower  plane  boundary  z  -  0:  the  sound  pressure  is  continuous  across  the  surface,  and  thu  perpen¬ 
dicular  (z)  component  of  particle  velocity  is  continuous.  The  result  la 

B  -  A/2,  C  -  -A/2  (2) 

The  downward- traveling  wave  J3  hay  the  same  phase  as  the  Incident  supersonic  pressure  field  A  and  the 
upward  traveling  sound  wave  £  differs  In  phase  by  IT  from  A  and  B. 

Each  sinusoidal  pressure  component  of  the  incident  plane-ahnet  heat  source  (causing  the  Jump  increase 
Ap  in  pressure)  haa  associated  with  it  a  sound  wave  traveling  downward  with  fhe  same  phase  anJ  ha  if  the 
pressure  amplitude.  The  sinusoidal  components  taken  all  together  (the  spectrum)  make  up  the  Fourier  trans¬ 
form  of  tide  heat  source’s  transient  waveform.  The  spectrum  of  the  sound  wave  is  exactly  the  same  as  that 
of  the  he.it  source,  and  therefore  the  temporal  waveform  of  the  transient  sound  wave  will  be  exactly  the 
same  as  that  of  the  Incident  heat  source,  except  that  Its  pleasure  will  be  one-half  as  great.  Similarly 
the  upwa r d - tra ve 1 lng  wave  will  have  its  waveform  the  same  n  that  of  the  downward-traveling  waveform, 
except  thiit  ita  pressure  changes  will  be  opposite  In  algr:  nee  Eq,  (2). 

3.  Pressure  and  temperature  Jumps  in  the  ionosphere 

From  the  observed  infrapound  at  ground  level  we  can  make  an  estimate  of  the  .onospherlc  heating, 
baaed  on  the  foregoing  anal /ala. 

We  recti  1  first  that  the  sound  pressure  In  a  plane  wave  traveling  through  the  atmosphere  varies  aa 
vHF  (P  —  local  atmospheric  pressure).  Suppose  the  auroral  discharge  sheet  has  Its  lower  edge  at  a  geo- 
metric  altitude  of  DO  km.  The  pressure  there  is  P  -  10‘7  x  (pressure  at  ground  level)-,  (U.S.  Standard 
Atmosphere,  1962).  The  i;rund  pressure  measured  at  ground  level  is  twice  as  great  as  that  in  the  downvard 
traveling  wave,  due  to  the  almost  perfect  reflection  of  infrasound  at  tht  e.-irtb's  surface  This  combined 
vitN  Eq.  (2) leads  to  the  net  conclusion  that  the  estimated  increase  in  pressure  Ap,  behind  tne  super- 
aorically  moving  auroral  discharge  sheet  is  Ap  **  ?x!0“^  ’  (observed  infresonic  pressure). 

The  pressure  increase  arises  from  besting  due  to  the  auroral  discharge,  and  so  we  finally  arrive  at 
rh<?  following  formula  for  the  he.itfng  W  (in  watta/n/)  caused  by  the  supersoni-a  1  ly  moving  discharge  sheet. 

W  -  (Cv/R)  ApMc  -  >  Ap  Me 
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(3) 


f  rpt 


hi 

In  which  tha  specific  her t  at  constant  volume  Cv/Ii  of  the  atmosphere,  expressed  In  unite,  of  the  gee 
constant  R ,  le  vary  nearly  3/2.  ' 

table  1,  presents  eotM  of  the  data  obtained  at  the  Collage,  Alaska  lnfreaonlc  *  tat  ion.  The  data  on 
ch  and  the  peak  aound  preaaure  were  measured  with  the  lnfreaonlc  system.  Values  of  Me  ware  measured  with 
an  all-aky  earner*  when  an  auroral  arc  pataed  overhead,  except  for  Chose  In  parentheses.  Tneae  latter 
valuea  were  choam  to  be  the 'saute  aa  cj,.  In  the  absence  of  direct  vlaual  observations  on  the  auroral 
aource.  All  of  the  tabulated  erT'^reatar  than  the  speed  of  round  (s  350  m/aec)  in  the  atmosphere  ) 

at  the  lower  edge  of  the  auroral  f'octi,  assumed  to  b«  at  ah  altitude  of  110  km.  Aj>  vaa  computed  from 
3,0  x  10"^  x  (peak  aound  preaaure),  ao  aa  to  arrive  at  the  preaaure  jump  at  the  Tower  edge  of  the  auroral 
form.W,  the  heating  per  unit  area,  waa  computed  from  F,q.  (3), 

Table  1, 


Ea 

tlmated| heating  In 

supersonic 

auroral  arcs  i 

causing’  infrasound 

ch» 

peak  QQM.no 
pressure. 

ilk. 

N/m/ 

M.  . 

raTlfec 

N/m* 

ra/aec 

watta/ra* 

671 

0,56  ' 

(671) 

1.7 

0.29 

,  678 

0.36  , 

'  1500 

l.l 

0.41 

460 

0.46 

(460) 

1.4  ' 

0.16 

582 

0.31 

(582) 

i 

0.9 

0.14 

56C 

0.33 

1100 

1.0 

0.28 

A,  Discussion 

The  visible  auroral  area  are  generated  by  energetic  Iona  which  penetrate  the  atmosphere  down  to  ; 
altitudes  of  about  100  km.  But  the  momentum  associated  with  the  ions  is  probably  too  small  to  produce 
directly  the  observed  Infrasound.  The  ionization  of  the  atmosphere  whi^h  is  produced  by: the  downcoming 
Ions  quickly  decays.  The  atmosphere  returns  to  thermodynamic  equilibrium,  particularly  at  the  lower  edge 
of  the  Ionized  region,  In  a  matter  of  a  few  seconds.  The  heat  energy  which  Is  left  Is  very  likely  the 
source  of  the  ltifrasound  and  the  electrojet  accompanying  the  auroral  discharge.  1 

The  estimates  of  the  heat  energy  per  unit  area  tabulated  above  are  lower  than  the  "true"  values 
which  would  be  obtained  if  full  account  were  taken  of  the  propagation  of  strong  sound  waves  through  a 
gas.  The  pressures  &£  in  Table  1.  are  about  one-hundredth  of  the  local  ambient  pressure  at  an  altitude 
of  110  km.  Plane  aound  wavea  having  such  relatively  strong  pressures  form  shock  waves  with  pressure 
Jurapa  ooon  after  generation,  regardless  of  the  waveform  of  the  heat  sourcej  Plane  shocks  are  propagated 
so  that  there  Is  a  balance  between  absorption  at  the  pressure  jump  and  regeneration  of  the  Jump  by  non¬ 
linear  actions  In  the  mechanics  of  gaseous  propagation.  The  absorption  of  sound  la  ao  large  at  an  alti¬ 
tude  of  110  km  for  frequencies  greater  than  1,0  Hz  that  the  equilibrium  thickness  (at  balance)  of  the 
aound  pressure  Jump  Is  probably  several  hundred  meters.  The  net  result  la  that  a  full  analysis  of  the 
nonlinear  and  absorptive  processes  during  propagation  of  the  aound  wave  downward  through1  the  atmosphere 
would  lead  to  greater  estimated  values  of  Ag  than  those  tabulated,  and  hence  to  greater  values  of  W. 

I 

The  graphically  recorded  waveforms  of  the  lnfrasonic  pressures  at  any  station  depend  on  the  lndlcial 
admittance  of  the  entire  electroacoustical  system,  from  microphones  through  to  the  graphic  recorders. 

The  lndlcial  ddmlttaace  Is  the  output  recorder's  response  to  a  step-function  sound  pressure.  To  arrive 
ft  the  actual  sound  pressure,  the  recorded  waveform  should  be  convolved  (mathematically  speaking)  with 
the  indicia  1  admittance.  In  tTie  absence  of  data  on  the  actual  peak  sound  pressures  obtained  through  the 
convolution  process,  the  values  given  In  Table  1.  were  obtained  from  peak  values  on  the  recordings 
published  by  Hi  Ison  and  his  associates.  The  peak  valuea  were  combined  with  the  recorded  waveforms  pro¬ 
duced  when  a  known  sinusoidal  pressure  was  applied  to  the  microphones  durir.v  calibration.  The  actual 
peak  sound  pressures  were  probably  greater  Chan  those  tabulated,  which  would  again  lead' to  greater  valuea 
of  W. 
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Figure  1,  Location  of  llne-olcropttonea,  all  at  ground  level  ,  ut  the  infrasonics 
station  in  Washington,  D.  C,  Recordings  are  mode  at  the  Boro  site. 


Figure  2.  Acoustical  shoek  wav#  c*ueed  by  supersonic  motion  of  the  leading 
edge  of  an  auroral  form. 
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Figure  3.  Ujvsrd-traveling  end  downward- traveling  sound  wives,  end  supersonic 

pressure  wave,  all  sinusoidal.  The  plnne  wsvee  are  all  perpendicular 
to  the  plane  cf  the  paper.  Behind  a  pressure  jump  moving  at  supersonic 
speed,  the  Jump  pressure  in  (1)  fip  in  the  upper  wedge-shaped  region, 
and  (2)  dp/2  in  the  lower  wedg- -shaped  -egion. 
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SOMMAIRE 


Un  module  math&nat ique  assez  general  est  mis  au  point  qui  permet.  d'fctudier  l’excitation 
d'ondes  acouatiques  et  de  gravity  par  dee  masses  d'air  ascendantes  et  oscillantes,  Lee  sources 
sont  d'abord  dScrites  par  des  distribution  de  quantity  de  la  dynamique  des  fluides  sur  une  sur¬ 
face  fermSe  mobile.  L'analyse  montre  ensuite  <jue,  en  ce  qui  concerne  la  production  d'ondes,  ceB 
distributions  superficielles  sont  £quivalentes  a  des  sources  ponctuelles  concentr£es,situ£es  au 
centre  du  volume.  Les  iquations  d'ondes  linSsrisees  et  non  homogenes,  qui  en  rgsultent  sont  obte- 
nues  par  derivation  et  r£solues  par  les  fonctions  de  Green,  Le  cas  d’une  at.mospherique  isotherme 
est  6tudie  en  detail. 
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SUMMARY 


A  somewhat  general  mathematical  model  is  developed  for  Che  study  of  the  excitation  of  acoustic-gravity 
waves  by  rising  and  oscillating  alv  masses.  Sources  are  initially  described  ky  distributions  of  fluid 
dynamic  quantities  over  a  moving  closed  surface.  Analysis  then  indicates  that  insofar  as  wave  generation 
is  concerned,  such  surface  dist ributlona  are  equivalent  to  concentrated  point  sources  nt  the  center  of 
the  volume.  The  resulting  linearised  inhomogeneous  wave  equations  are  derived  and  solved  In  terms  of 
Green's  functions.  The  esse  of  an  isothermal  atmosphere  is  discussed  in  some  derail. 

1 .  INTRODUCTION 

Hie  purpose  of  this  paper  la  to  present  a  general  mathematical  framework  for  examination  of  the 
possible  mechanisms  by  which  buoyantly  riaing  and  oscillating  air  masses  may  excite  acoustic-gravity 
waves.  Such  rising  sit  masses  may  occur  naturally  via  cumulus  convection  (Scorer,  R.S.,  1957)  or  as  a 
byproduct  of  large  man-made  explosions  (Sutton,  O.G.,  1947;  Taylor,  G.I.,  1950).  The  speculation  that 
buoyant  rise  may  excite  detectable  lnfraaonic  waves  has  been  mentioned  frequently  In  the  literature 
(Pierce,  A.D.  and  Coroniti,  S.C.,  1966;  Jones,  W.L..  1970;  Tolstoy,  I.  and  Lau,  J. ,  1972;  Warren,  F.W.G., 
1960)  and  would  seem  to  be  the  most  plausible  explanation  of  the  anomalous  oscillations  at  Ionosphere 
level  observed  during  thunderstorm  activity  (Georges,  T. ,  1968;  Davies,  K.  and  Jones,  J.E.,  1970;  Baker, 
D.M.  and  Davies,  K. ,  1969;  Detert,  D.G.,  1969).  In  addition,  baric  theoretical  considerations  (Tolstoy, 

•I.  and  Lau,  J.,  1972)  suggest  that  buoyant  rise  is  the  source  of  the  early  arriving  ultra  low  frequency 
waves  detected  at  ground  level  (Tolstoy,  I.  and  Herron,  T.J.,  1970)  following  the  detonation  of  low-yield 
low-altitude  nuclear  explosions. 

The  development  of  a  theory  regarding  the  means  by  which  buoyant  processes  may  excite  waves  is  as 
yet  in  its  early  stages.  While  a  considerable  literature  exists  concerning  convection  and  buoyant  rise 
(see,  for  example,  Rohringer,  G. ,  1963;  Levine,  J.,  1959;  Lilly,  D.K.,  1962;  Jtommel,  H. ,  1947,  1950; 
Richards,  J.M.,  1970;  Malkus,  J.S.,  1952;  Davies,  R.M.  and  Taylor,  G.I.,  1950;  Scorer,  R.S.,  1957;  Morton, 
B.R. ,  Taylor,  G.I.,  and  Turner,  J.S.,  3956;  Turner,  J.S.,  1960,  1962a,  1962b,  1963,  1964,  1966;  Scorer, 
R.S.  and  Ludlam,  F.H.,  1953;  Slawson,  P.K.  and  Csanady,  G.T..  1971)  the  bulk  of  it  does  not  explicitly 
consider  the  possible  generation  of  waves.  Considerable  work  has  been  done,  however,  on  the  excitation 
of  internal  waves  by  a  rigid  body  moving  at  constant  speed  through  a  stratified  fluid  (Warren,  F.W.G., 
i960;  I.ighthlll,  M.J.,  1967;  Mowbray,  E.D.  and  Rarity,  B.E.H.,  1967;  MacKinnon,  R.F.,  Mulley,  F. ,  and 
Warren,  F.W.G. ,  1969).  Some  work  has  also  been  done  on  wave  generation  by  rigid  bodies  oscillating  at 
constant  frequency  (Gortler,  H.  ,  1943;  Mowbray,  D.E.  and  Rarity,  B.S.H.,  1963';  Hurley,  D.G.,  1969). 

The  only  detailed  theoretical  analysis  of  which  the  present  author  is  aware,  apart  from  numerical 
simulation  experiments  (Greece,  J.S. ,  Tr.  and  Whitaker,  W.A.,  1968),  which  explicitly  considers  acoustic- 
gravity  wave  generation  by  buoyant  rise  Is  that  contained  in  the  recent  paper  by  Tolstoy  and  Lau  (1972). 

In  the  cited  paper,  wave  excitation  by  a  rising  nuclear  fireball  was  modelled  by  a  point  vertical  force, 
the  point  of  application  of  which  was  moving  vertically  at  constant  speed  through  e  stratified  Incompres¬ 
sible  atmosphere  bounded  abovi  and  below  by  a  rigid  surface.  The  magnitude  of  the  force  was  estimated 
from  Warren's  (1960)  prior  calculations  of  the  wave  resistance  force  exerted  by  the  fluid  on  a  rigid  body 
moving  at  constant  speed  in  at.  Incompressible  density  stratified  fluid. 

In  the  present  paper,  some  Initial  steps  are  made  toward  the  development  of  a  somewhat  general 
model  for  study  of  acoustic-gravity  wave  excitation.  In  a  wider  sense  the  pepei  may  be  regarded  as  a 
sequel  to  a  previous  paper  by  the  author  (Pierce,  A.D.,  1968)  which  incorporated  the  presence  of  a  source 
into  a  point  source  term.  Here  we  show  how  or.e  might  model  any,  In  general  moving,  aource  by  a  set  of 
point  source  terms  whose  common  location  will  in  general  vary  with  time.  Although  some  discussion  of  the 
solution  of  the  resulting  equations  is  given,  the  application  of  the  general  model  to  specific  problems 
Is  deferred  to  later  publications. 

2.  EQUATIONS  GOVERNING  BUOYANT  RISE  AND  WAVE  GENERATION 

The  general  model  considered  here  (see  Fig.  1)  Is  that  of  a  compressible  atmosphere  under  the  in¬ 
fluence  of  gravity.  The  earth  Is  taken  as  flat  and  the  coordinate  system  is  chosen  such  that  the  z  axis 
extends  vertically  upwards  from  the  earth's  surface.  In  the  absence  of  a  disturbance  the  atmosphere  is 
considered  to  be  stratified  with  no  ambient  winds.  The  nature  of  the  disturbance  is  presumed  to  be  such 
that  at  all  times  It.  ia  axially  symmetric,  about  the  z  axle. 

One  principal  assumption  which  we  make  la  that  there  Is  negligible  water  vapor  in  the  atmosphere. 
This  would  seem  to  bo  a  reasonable  Idealization  for  the  case  of  nuclear  explosions,  but  it  Is  likely  to 
be  inapplicable  for  the  case  of  naturally  occuring  cumulus  convection.  In  any  event,  one  may  hope  some 
qualitative  insight  into  the  natural  convection  problem  may  be  afforded  by  an  analysis  based  on  such  an 
idealized  model. 
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2.1.  Conaarvat Ion  Lava . 

In  order  Co  poatpone  the  task  of  giving  a  preclaa  definition  to  what  one  Beane  by  a  rising  bubble 
or  a  rlalng  fireball,  we  conalder  first  a  hypothetical  closed  surface  S  which  la  moving  In  an  arbitrary 
fashion  through  Che  atmosphere ;  the  notion  la  presumed  to  be  such  that  S  la  always  a  figure  of  revolution 
about  the  s  axis.  The  net  mesa  H,  vertical  momantum  II,  and  energy  E  of  the  naas  within  the  volume  V  en¬ 
closed  by  S  will  In  general  change  with  tine.  One  possible  contribution,  for  example,  would  cose  from 
the  transgort  of  particles  across  the  surface  S  In  terms  of  the  total  denolty  p,  preasure  p,  and  fluid 
velocity  u  within  the  volume,  the  total  rnaaa,  vertical  momentum,  and  energy  of  the  volume  may  be  consid¬ 
ered  as  being  defined,  respectively,  by  the  equations 

M  -  |  P  dV 
V 

n  -  |  euz  dv 
v 

E  -  |  [i  p  u2  +  p/(Y  -  1)]  dV 
V 

Note  that  p/(y  -  1)  is  the  Internal  energy  per  unit  volume  of  an  Ideal  gas  of  specific  heat  ratio  y  (1.4 
for  air).  The  so-called  gravitational  potential  energy  does  not  enter  in  Eq.  (lc)  since  we  elect  here  to 
consider  gravity  as  an  external  force. 

Conservation  laws  of  compressible  fluid  dynamics  (see,  for  example,  Landau,  L.D.  and  Llfshitx,  E. , 
1959,  p p  13,  186  )  may  be  used  to  derive  expressions  for  the  time  rate  of  change  of  each  of  the  above 
quantities,  l.e. , 


(la) 

(lb) 

(lc) 


ij  ■  - [  p(“  “  *n}  *  "  dS 

S 

+  Mg  ■  -  fpu  (u  -  v  )  •  n  dS 
at  J  z  n 

"  fp"e  dS 


(2a) 


(2b) 


jjr  +  gll  -  -  J(i  p  u2  +  V~-"T*  ’  "  dS 

f  -b 

-  pu  •  n  ciS  (2c) 

Here  n  is  the  unit  normal  vector  pointing  out  of  the  surface,  while  Is  the  surface  velocity. 

2.2.  Effective  Source  Terms. 

Outside  the  volume  V,  the  fluid  motion  is  governed  by  the  aero-hydrodym ale  equations,  which  ex¬ 
press  conservation  of  mass,  momentum,  and  energy  In  terms  of  partial  differential  equations.  The  generic 
form  of  each  such  equation  is 


3€ 

at 


+  v 


•  t 


t 


(?) 


where  £  Is  the  density  of  some  quantity  and  I  is  the  corresponding  flux,  while  F  is  an  external  force  or 
work  term  caused^by  the  presence  of  gravity.  Let  V*  bo  some  volume  (not  necessarily  the  same  as  the  V  In 
Fig.  1)  and  let  n'  be  the  unit  veclcr  pointing  out  of  that  surface  S'  enclosing  V'.  For  simplicity  since 
the  value  of  F  Is  immaterial  In  what  follows,  we  treat  the  case  F  -  0.  Then  one  may  readily  show  from 

Eq.  (3)  that 


(<* 


-  Ev  ']  •  n’dS 


(4) 


where  v  '  la  the  velocity  of  the  surface  S', 
n 

In  what  follows,  we  intend  Vo  apply  the  various  equations  symbolised  by  Eq.  (3)  only  to  the  region 
outside  the  volume  V  sketched  in  Fig.  1.  However,  we  wish  that  Eq.  (4)  may  hold  for  any  volume  V  which 
extends  slightly  Into  V.  One  way  of  doing  this  is  to  formally  consider  £  and  I  to  be  Identically  0  and  V 
but  with  a  source  distributed  on  S  such  that  F.q.  (4)  will  always  formally  reduce  to  the  expression  cor¬ 
responding  to  the  portion  of  V'  which  is  outside  V  (see  Fig.  2).  This  would  l>e  the  case  If  an  additional 
term 

j  [T  -  Evn)  ■  n  dS 


or,  equivalently,  if 
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|[t  -  Cvn]  •  n  «(C  ••  C8>  dV 

were  added  to  the  right  side  of  F.q.  (4)  whenever  V  extended  partially  within  V.  In  the  first  expression, 
the  prime  on  the  integral  sign  means  that  the  surface  integral  extends  only  over  that  portion  of  £.  which 
ia  within  V'.  In  the  second  expression,  the  surface  integral  is  transformed  into  a  volume  integral  by 
the  artifice  of  a  Dirac  delta  function  6(c  -  C  ).  Here  C  -  C  is  distance  along  any  line  normal  to  S, 
such  that  C  m  (  at  S.  One  may  note  that  this8latter  expression  is  identically  zero  whenever  V'  does  not 
intersect  S.  rauii,  if  we  are  to  take  £  and  I  as  formally  zero  inside  V,  the  governing  equation  may  be 
put  in  a  form  which  compensates  for  this  if  we  add  the  lat  ter  expression  to  the  right  hand  sido  of  F.q.  (4). 
The  resulting  equation  can  equivalently  be  put  into  the  form 

j[3E/3t  +  V  •  1]  dV'  -  J{T  -  vnJ  •  n  6(s  -  t.*)  dV'  .  (5) 

Since  this  should  hold  for  arbitrary  volumes  V ,  the  following  partial  differential  equation  may  be 
extracted 

!t  +  V  .  f  -  (t  -Cv,)  •  n  «<«  -  C8)  +F  (6) 

(Note  that  we  have  here  added  in  the  term  F.)  This  differs  from  Eq.  (3)  by  the  presence  or  a  "Bource 
term"  on  the  right  hand  aide.  The  source  i3  distributed  over  the  surface  of  the  "ercluded"  volume  V. 

The  next  step  1^  to  reduce  the  above  distributed  source  term  to  a  sum  of  source  terms,  each  of 
which  is  localized  at  r  ,  the  nominal  "center"  of  volume  V.  To  this  purpose,  we  note  that  two  expressions 
containing  Dirac  lea  Cf unctions  are  formally  equivalent  if  integrals  over  the  product  of  each  with  any 
good  function  f(r)  give  the  same  value  (see,  for  exanple,  Lighthlll,  M.J.,  1958).  Our  starting  point  is 
therefore  the  integral 


J  -  f(t  -  f.vn)  ^  n  S(K  -  C8)  f(?)  dV 

-/<* 


Ev^'  •  n  f(r)  dS 


(7a) 

(7b) 


where,  in  the  first  expression,  the  volume  integral  extends  over  "all  space"  and,  in  the  second  (equiva¬ 
lent)  expression,  the  surface  integral  i£  over  the  surface  S  surrounding  the  excluded  volume  V.  In 


Eq.  (7b),  we  next  expand  f(r)  about  r  ■  r£ ,  such  that 


f(r)  <•  f(r  )  +  (r  -  r  )  •  (Vf)  +  •••  . 
c  c  r 

c 


If  this  is  inserted  into  Eq.  (7b),  we  find 


(8) 


where 


J  -  J  f (r  )  +  2.  J,,  (3f(r)/3x.)  +  •••  . 

0  C  i-x,y#*  11  1  rc 
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One  may  note  a?  ?o  that  one  would  net  Eq.  (9)  If  he  set. 
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..  5(r  -  r  )  +  •••)  f (r )  dV 

c  *£•  li  3x1  '  c 
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Thus,  if  we  compare  (11)  with  (7a)  and  recognize  that  f(r)  ia  sroitrary,  we  are  at  liberty  to  equate 


(I  -  £v  )  •  u  &U  -  C  )  -  J  «(r  -  r  )  -  £  J.  4(v  -  r  )  + 


(12) 


Equation  (C)  would  accordingly  become 


3£ 

Ft 


:—  +  V  •  f  -  J  f  (r  -  r  )  -  )  J.  .  6(r  -  r  )  + 


t  '  11  3>ti 


+  F 
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re  J  ,  J.,  are  constants.  With  the  somewhat  loose  application  of  familiar  terminology,  we  may  refer 
the  various  terms  on  the  right  hand  Bide  of  the  above  equation  as  the  monopole,  dipole,  quadrupole. 


where 
to  the 
etc.  terms 


luat  at  what  point  it  la  permissible  to  truncate  the  above  source  term  series  Is  difficult  to 
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•priori  « Cat*.  The  influence  of  the  succeesive  terms  would  appear  to  decrease,  however,  in  magnitude  as 
R/X  where  K  la  the  "radius"  of  V  and  X  la  a  typical  wavelength.  In  the  remainder  of  tills  paper,  we  as¬ 
sume  that  a  truncation  at  the  first  order  (dipole)  term  is  permissible.  Thin  does  not  necessarily  ex¬ 
clude  the  "quadrupole  sources"  frequently  encountered  in  aerodynamic  sound  (see,  for  example,  Llghthill. 
H.J.. ,  1952)  since  a  force  dipola  is  formally  equivalent  to  a  mass  quadrupole  in  the  neglect  of  gravity. 

On  the  basis  of  the  preceding  analysis,  we  here  write  the  governing  equations  of  compressible  flow 
for  motion  outside  the  volume  V.  In  each  case,  we  make  appropriate  identifications  of  £  ,  I,  and  T^. 
The  resulting  equations  are 


H  ♦  7  •  (plI)  "  SM 


it 


1 57  <»“i>  * 

ou2  +  — j^-y]  +  V  •  { [-j  pu2  +  — ^-y)u)  +  pgi'z  “  S£ 


where 
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with  analogous  definitions  for  5^  and  S  .  Here 


iK,  -  P<u  -  v  )  •  n 
k  n 


ii  -  pu(u  -  v  )  •  n  +  pn 
n  n 


1  r '  2  Pi  /'*  •* 
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On  comparison  with  F.qo.  (2)  one  may  note  that 


S„  -  -dM/dt 
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(14a) 


(14b) 


(14c) 


(15a) 

(15b) 


(15c) 


(16a) 

(16b) 

(16c) 


(17a) 

(17b) 

(17c) 


However,  no  such  analogous  simple  identification  is  possible  for  the  coefficients  ;  the  dipole  source 
terms. 


3.  GENERAL  SOLUTION  OF  ACOUSTIC-GRAVITY  WAVF.  EQUATIONS 


3,1.  Linearized  Equations. 


In  order  to  derive  a  general  solution  of  the  aero-hydrodynamic  equations  (14),  it  Is  convenient  to 
restrict  ourselves  to  low  amplitude  disturbances.  It  la  hoped  that  the  resulting  solution  at  distances 
outside  the  volume  V  will  not  he  500  different  from  what  might  be  found  were  nonlinear  terms  included  at 
the  outset.  We  let  p  -  p^  +  p  ,  u  “  u^,  p  “  p  +  Pj  ,  and  dlscsrd  all  terms  of  higher  order  than  the 
first  in  the  quantities  p“,  u^ ,  and  p^  In  thfp  manner,  we  obtain 


^1 
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where  the  zeroth  order  equations  require 
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Here  p  and  p  are  independent  of  x,  y,  and  of  time  t.  Note  that  the  three  oource  terms  are  all  formally 
treated  aa  being  of  flrat  order. 

To  simplify  the  dlacuaaion,  we  also  consider  the  atnoaphere  to  be  locally  isothermal,  i.e.,  that 
the  sound  speed  c,  where 

c2  “  yp  Ip  (20) 

o  o 

is  a  very  slowly  varying  function  of  height.  This  assumption  enables  us  to  determine  p  ,  p^,  and  u^  at 
Intermediate  distances  from  the  source  (i.e.,  our  moving  volume  V)  aa  though  c  were  constant.  Methods  of 
geometrical  acoustics  (see,  for  example,  Jones,  W.L. ,  1969;  Georges,  T.M.,  1971)  could  then  be  used  to 
trace  out  the  wave  disturbance  to  larger  distances. 

The  isothermal  assumption  enables  ua  to  derive  a  single  partial  differential  equation  for  any  of 
the  various  acoustical  quantities  (see,  tor  example,  Eckert,  C. ,  1960).  The  appropriate  equation  for 
Pj  is 


where  }ia  the  well  known  acoustic-grnvity  wave  operator 
Al» 
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■  s(?*t) 

rnvity  wave  operator 
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(22) 


Here  w  and  <a  are  the  so-called  acoustic  cutoff  frequency  and  Brunt-Vaissala  frequency,  respectively, 
(Lamb.V,  1910;  Brunt,  D. ,  1927;  Vniasala,  V.  ,  1925;  Hines,  C.O.,  1960)  with 


a).  -  (y/2)g/c  (23a) 

A 

w  -  (y  -  l)1/2g/c  (23b) 

D 


for  the  case  of  an  Isothermal  atmosphere.  The  aggregate  term  S(r,t)  in  Eq.  (21)  is  a  somewhat  complicated 

functional  of  !>„,  2  ,  and  Su,  i.e., 
m  t*  n 


Ncte  that  it  is  highly  singular  at  r  •>  r  and  zero  elsewhere.  A|so,  one  should  note  that  the  evaluation 
of  the  various  time  derivatives  is  complicated  by  the  fact  that  r^  as  well  aa  3^o>  ^1’  etc.  [see  Eq. 
(15a))  may  all  vary  with  time. 


3.2.  Green's  Function  Solution. 

For  jjimp^icity ,  we  neglect  the  reflection  of  waves  from  the  ground  and  define  a  free  space  Green's 

furction  G(r  -  r  ,f  -  f.  )  for  Eq.  (21)  which  satisfies 
o  o 

G(?  -  V1  *  to>  ■  “4*  -  ?o)  6(t  '  V  (25) 


which  la  zero  for  t  <  t  (causality),  and  which  represents  waves  propagating  away  (in  the  sense  of  energy 
transport)  from  a  point^impul slve  source.  The  form  of  this  Green's  function  is  given  (Dikii,  L. ,  1962; 
Pierce,  A.D. ,  1963;  Row,  R.V.,  1967)  by 


G(r , t ) 


e x p { 1  [  (  )  R  -  u>t])dej 
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(26) 


where 


v  -  (w2 

2.1/2 
-  «,A  ) 

(27a) 

p  -  (..I2 

2,1/2 
~uf  ) 

(27b) 

t  -  (<e2 

2,1/2 

(27c) 

where  u  1  «  u>  2(zZ/R2),  and  R  -  |r|.  The  phases  of  the  above  quantities  v,  p,  and  C  are  all  0  at  large 
positive  u>  ;  ®thelr  respective  branch  lines  may  all  be  taken  as  extending  vertically  downwards  from  the 
apprupr ‘ ate  branch  points  on  the  real  axia.  The  contour  of  integration  In  Eq.  (26)  proceeds  slightly 
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above  tha  raal  axla  (Fig.  3). 

In  terms  of  the  Green'  function,  the  solution  of  F.q.  (2.1)  Is  easily  mitten  down  as  a  form.- . 

expression 


G(r 


V* 


t.  )  S(r  ,t  )  d  r  dc 
o  o’  o  e  c 


(28) 


Here  it  le  assumed  the  t  integration  Is  from  -•»  up  to  time  t+,  such  that  we  avoid  the  explicit  considera¬ 
tion  of  any  initial  values  of  p^  and  its  derivatives. 

We  may  note  that  S(r.t)  may  be  written  in  the  form  die,  -  r  )  where  £/  is  a  linear  differential 
operator  whose  coefficients  are  independent  of  x,  y  and  z,  Jbut  whiSh  may  depend  on  time.  If  one  Inte¬ 
grates  each  term  by  parts  an  appropriate  number  of  times,  the  integrand  may  effectively  be  transformed 
such  that 
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where  the  superscript  o  implies  operation  on  rQ  and  t  and  is  the  adjoint  operator  of  .  The 

spatial  integrations  In  Eq.  (28)  may  then  be  performei  trivially.  One  may  also  achieve  some  additional 
simplification  since  3G/3x  »  -  3G/'3x,  etc.  In  this  manner,  one  derives  from  Eqs.  (15a),  (24)  and  (28) 

the  following  expression  f8r  p 


where 
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with  similar  expressions  for  and  Here  is  the  Kronecker  delta.  The  arguments  of  the  various 

quantities  in  the  integral  over  are  the  same  as  in  the  integral  over  S^q.  Also,  represents  the 
horizontal  component  of  the  gradient  operator. 


Equations  analogous  to  Eq.  (29)  for  other  acoustical  quantities  me  readily  obtained  by  a  replace¬ 
ment  of  pj/rp  by  /p~  u  ,  ft  u  ,  4>  u  ,  p  /rp~  ,  respectively,  accompanied  by  a  replacement  ot  G  In 
Eq.  (2o>  by  a  modif ?edXGreen ' s^f unc?ion  ° 
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where  the  operator  jC  Is  taken  as 
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One  may  note  chat  the  equations  derived  here  Rive  one  a  formal  procedure  itr  calculating  I  he  acoue- 
tic  disturbance  one  j  the  various  source  terms  are  specified.  Ulille  the  theory  holds,  otrictly  sneaking, 
only  if  the  atmosphere  is  isothermal,  the  procedure  outlined  below  should  give  a  method  for  handling 
noniaotharmal  atmoopherea  to  a  good  approximation. 

Briefly,  in  the  case  of  the  pressure  fluctuations,  one  still  .stains  Eqa.  (29)  end  ''301.  However, 
the  Green's  futJtion  is  not  found  from  Eq.  (26).  Instead  Eq.  (25)  is  solved  for  a  noniaotherma)  atmo¬ 
sphere  using  Che  guided  wave  representation  (Pierce,  A.D.  and  Pons,'.  J.W.,  la70)  or  he  geojetrica.i 
acoustics  approximation  (Pierce,  A.D. ,  196b). 
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Fig.l  Sketch  showing  coordinate  system  and  atmosphere  mode!  adopted  in  the  present  paper. 
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Ce  papier  discute  une  hypothdse  formulae  au  cours  de  prfcidents  travaux  (Warren  et.  Arora, 
1967  ;  Warren  et  Mackinrwn,  1969)  relative  aux  conditions  aux  limites  de  la  th6orie  lingaire  des 
ondes  acoust i:jues  et  de  gravity  dans  1' atmosphere.  II  montre  que  1  'on  peut  n£pliger  presque  entid- 
rement  les  efrets  de  diffusion  aux  Unites,  a  condition  que  le  nentbre  d'ondes  vertical  ne  soit  pas 
trap  petit,  Les  rtsultats  obtenus  pour  les  ondes  acoustiques  et  de  gravity  concordent  qualitative- 
raent  aver  ceux  obtenus  par  f&nowitch  (1967),  mais  les  details  different.  On  obtient  une  limite  su- 
pgrieure  du  coefficient  de  reflexion  pour  les  petits  nanbres  d'ondos  verticaux,  L'auteur  rappelle 

rces  rfsultats  ne  sent  valables  que  si  le  libre  parcours  moyen  aux  altitudes  felevfces  est  petit 
ant  la  longueur  d'omde  horizontale. 
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ABSTRACT 


This  paper  discuesea  an  assumption  nada  In  soma  previous  work  (WARREN  £  ARORA,  1967)  WARREN  £ 
MACKINNON,  1969)  concerning  the  boundary  conditicna  in  the  linear  theory  of  acouatic  gravity  waves  in 
the  atmosphere.  It  la  shewn  that  diffusion  effects  at  the  boundaries  may  for  the  most  part  be  ignored 
provided  the  vertical  wavenumber  ia  not  too  small.  The  results  for  gravity  waves  agree  qualitatively 
with  those  obtained  by  Yanowitdh  (1967)  but  the  detail*  differ.  An  upper  bound  for  the  reflexion 
coefficient  for  small  vertical  wavenumber*  ia  obtained.  It  ia  recalled  that  the  results  hold  only  if 
the  mean  free  path  at  high  altitudes  is  smsll  compared  with  the  horizontal  wavelength . 

1.  INTRODUCTION 


Atmospheric  disturbances  often  excita  gravity  or  acouatic  waves  which  radiate  energy  from  the 
source.  Part  of  this  Is  carried  to  very  high  altitudes  while  some  is  propagated  virtually  horizontally 
round  the  globe.  Generally,  given  a  local  transient  excitation  the  basic  problem  ie  to  estimate  the 
ultimate  resultant  mean  distribution  of  energy  throughout  the  depth  of  the  atmosphere  and  to  find  the 
amount  propagated  to  the  highest  levels.  It  is  the  fate  of  the  latter  which  is  a  principal  concern  here. 
All  the  energy  ie  finally  destroyed  by  diffusion  (perhaps  turbulent)  processes,  of  course,  but  at  lower 
levels  this  can  be  protracted  and  so  is  ignored  for  the  most  part.  Thus  the  source  spectrum  is  supposed 
concentrated  in  those  wavelengths  where  the  diffusion  effects  in  the  lower  stratosphere  and  troposphere 
are  relatively  feeble  and  in  addition  such  that  the  effects  of  the  earth's  rotation  (and  to  some  extent 
curvature)  are  small,  the  important  properties  of  the  atmosphere  which  permit  radiation  of  mechanical 
energy  are  then  its  elasticity  and  density  stratification.  Wind  shear  also  plays  an  important  role  but 
more  as  a  modifier  than  as  a  means  of  energy  transfer. 

One  inportant  aspect  of  this  problem  which  will  be  considered  in  more  detail  here  is  the  effect  of 
friction  and  heat  conduction  at  the  very  highest  and  lowest  levels.  It  may  be  suspected  that  the  conse¬ 
quences  of  the  low  level  boundary  layer  are  not  very  inportant,  but  this  is  certainly  not  the  case  for 
diffusion  effects  at  great  heights,  say  above  about  200  km.  Lindzen  (1970)  and  Yancwitch  (1967)  and 
others  have  also  considered  this  problem,  and  the  present  object  is  to  make  some  supplementary  comments 
upon  it.  For  examplo  Yanowitch  ignores  the  effects  of  compressibility  and  thermal  diffusion.  On  the 
other  hand  Lindzen's  computations  include  these  effects  but  ignore  those  of  vertical  accelerations  and 
also  of  horizontal  divergence  at  high  altitudes.  In  particular  this  leaves  the  conclusions  concerning 
the  far  field  behaviour  of  the  perturbations  in  some  doubt.  For  this  and  other  reasons  it  seems  better  to 
avoid  these  simplifications  even  though  there  is  little  hope  of  obtaining  explicit  closed  solutions  to  the 
resulting  analytical  problem.  For  the  present  purpose  it  is  sufficient  to  consider  a  two-dimensional  iso¬ 
thermal  atmosphere  model  and  the  basic  equations  Cor  this  are  presented  In  the  next  section. 

2.  THE  GOVERNING  EQUATIONS  FOR  A  STATIC  ISOTHERMAL  MODEL 

At  the  outset  a  linearisation  of  the  Navier-Stokes  equations  is  made.  Although  thiB  is  a  dubious 
process  for  cortain  types  of  disturbances,  observations  of  relatively  shallow  waves  at  high  altitudes  is 
sufficient  justification  for  this  step.  Influences  upon  the  motion  due  to  ion  drag  and  cooling  effects 

are  ignored,  because  the  former  is  relatively  weak  while  the  latter  may  be  allowed  for  at  a  later  stage  by 

a  simple  modification  of  the  wave  number  associated  with  the  thermal  diffusion  coefficient. 


and 


The  resulting  momentum  equations  then  read 

PQ3u/3t  -  -3p/3x  +  A3/3x(3u/3x  +  3w/3z)  +  u(32u/3x2  +  3Zu/3z2) 

Po3w/3t  »  -3p/3z  +  A3/3z(3u/3x  +  3w/3z)  +  u(32w/3x2  +  32w/3z2)  -  gp. 


u  and  w  are  the  velocity  perturbations  and  p  is  the  density  perturbation  from  the  mean  pQ,  this  latter 
decaying  exponentially  upwards  in  the  z-direction.  This  decay  is  defined  by  6  (a  constant)  through  the 
relation 


(dpQ(z)/dz)/po(z)  •  -8  «  -yg/a2  “  -g/c2. 


a  and  c  are  the  adiabatic  and  isothermal  (Newtonian)  smxid  speeds  respectively,  and  I  and  u  are  the 
viaooeity  coefficient*  which  are  aasumed  to  be  constant  throughout  the  atmosphere.  It  is  simpler  to 
retain  A  her*:,  rather  than  make  the  customary  substitution  A  >■  u/i.  The  equation  of  continuity  is 
3p/3t  +  w3p  A3z  +  p  (3u/3x  +  3w/3z)  »  0,  and  that  of  compressibility,  including  diffusion  effects  arising 
from  a  temperature  variation  T  Is 

3p/3t  +  w3po/3z  -  ao2(3p/3t  +  w3po/3z>  +  K(32T/3x2  +  32T/3z2)  . 

p  is  the  irean  pressure  and  K  the  coefficient  appertaining  to  thermal  conduction.  Itiis  set  of  equations, 
augmented  by  the  equation  of  otato,  form  a  determinate  system  if  appropriate  boundary  conditions  are 
available.  As  usual  a  wave-like  solution  in  the  horizontal  x-direction  is  inposed  for  the  perturbations: 


s? 


lp.q.u,p,T)  -  (Pj^lr),  qjtz),  u^z),  Pj  (r.)  ,  (r)  le1  *(kx_“t) 

Nh«r«  the  horizontal  wave  number  k  and  the  frequency  u  are  real,  q  la  the  vertical  displacement  of  an  air 
particle  eo  that  *r  -  3q/3t.  Dropping  the  auffix  1  thle  leach?  to  a  eet  of  equatlone  for  u,  u' ,  q,  q',  T 
and  T'  (the  prime  denoting  differentiation  upwarda)  namely 

lpu  ^du'/dt  -  (1  +(1  +  m)<d  *k2  -  k2u>  2c2)u  *  (kui  3c  2  -  i"Xk)q'  -  kw  3T  -Bktrn  3c2q, 

iKcii-1d'f'/<3z  “  (It  iKk)  1k2)T  -  (y  -  1)  c2ku  3u  +  (y  -  l)c*q', 


and 

(g  -  i  (X  t  yMdq'/dz  -  (c2kw  A  -  iXit)u'  t  1"  -  BT  t  gq'  -  (w2  t  ipu.'k2)q. 

■Ihis  system  ie  completed  by  the  supplementary  set  dT/dz  ■  T1  ,  dq/dz  “  q1  and  du/dz  ■*  u'  .  y  is  the  ratio 
of  specific  heats  for  air  and 

(K,  I,  u)  -  <K,A,  g)eSz/po(0)  , 

where  p  (0)  ir  the  density  of  air  at  some  standard  level  (say  sea  level)  .  it  should  be  recalled  that  the 
differential  operator  d/dz  (which  will  also  be  represented  by  D)  i1-  augmented  when  passing  through  these 
modified  forms  of  the  diffusion  coefficients  e.g. 

D(KT)  -  <V dz  (KT)  -  K(B  t  d/dz)  T  -  K(D  +  B)  T. 

So  the  governing  system  is  of  order  six  (as  might  be  ''xp^cted)  which  possesses  six  linearly  independent 
solutions,  say 

{ui(  ui',  qi(  q,L' ,  It,  1^'},  i  -  1,2 . f>. 

Hie  nature  of  these  may  be  found  in  several  ways  but  here  it  is  convenient  to  proceed  by  a  methodical 
elimination  of  all  the  unknowns  save  the  temperature  perturbation  T.  Hiis  leads  to  the  temperature 
equationXl'  »  0,  with  Y  =■  -  ^23'  w^ere 

-  <  (D  -  B)  (D  -  2B)  -  k2  +  i»2c"2)  (D(D  -  3)  -  k2  +  u)2c~2) 

( (D  -  8)  +  (Y  -  D^U  -  iu2  c'2)D(1  -  iK(D2  -  k2))), 

,t2  -  Yti)4 (y  -  l)'1g“V2l<(D  -  B)(D  -  2B)  -  lc2  +  w2c~2) 


(1  -  gUu  2) 

-  (ID 

t  B)  (D  +  ?e>  -  k2  +  u2c'2:iiu(D2  -  k2/l , 

and 

t3  -  (1  +  iXk2  - 

iu(D2 

-  k2) ) (1  -  IK(D2  -  k2))  -  a2k2w~2(l  -  iY_1K(D2  -  k2) ) 

"I  , 

.  2  -2—  ,  .  — .  2  2,  4 

+  '.Y  -  1) 

(1  - 

ioj  c  X)D(1  -  iK(u  -  lc  ))  . 

Once  T  i3  found,  the  other  phyfical  variables  are  given  through  the  relations 

Y  (a-2  ( 1  +  ilk2  -  iX(D2  -  k2)  (1  -  iK(D2  -  k2))  -  k2w~2(l  -  iKY~2  (D2  -  k2)))T 
-  <Y  -  1)  lgk2ui"2  -  (1  -  iX(D2  -  kZ)D)]q, 
giving  q,  and  the  pressure  is  given  by 

p  -  oo[gq  +  (Y  -  1)'1(Y  -  iKID2  -  k2))T], 
while  the  horizontal  velocity  perturbation  ta  is  given  by 
wk ** 1  ( Dq  +  y(Y  -  l)-1a"2(l  -  iic(D2  -  k2))T). 

Finally  density  changes  are  given  by 

0  -  pQtYga  2q  +  y(y  -  1)  a  2  (1  -  iK(D2  -  k2))TJ. 

These  equations  provide  the  analytical  basis  for  the  discussion.  The  next  section  consider  the  form  of 
the  solution  at  high  altitudes. 


3.  Some  properties  of  the  solutions  at  large  heights 

An  examination  of  the  operator  £  in  the  tetnperature  equation /.T  0  shews  that  it  may  be  written  in 

the  following  form: 


8  8  6  4 

1  -  (-ice6z)3A  n  (D  -  a.)  +  (-iceBz)2B  Tl  (D  -  b.)  +  (-ic:eliZ)C  H  (D  -  c, )  +  II  (D  -  d. )  . 

i«l 


i-1 


i-1 


i*  1 


The  first  product  occuring  here  (associated  with  e  )  equals 

<(D  +  3B)  (D  +  28)  -  k2  +  wV2)  ((D  +  ■’B)2  -  k2)  ((D  +  B)2  -  k2)  (D2  -  k2)  , 
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whil-s  the  laet  product  (Tree  from  r.)  equal* 

<  (D  -  6)  (D  -  26!  -  k2  +  o2c"2;(d(D  -  6)  -  ;,3  +  w2*"2  +  <Y  -  .l;g2k2uf2a"2) . 

5  la  «  watuni  (not  dimensionless)  of  the  combined  effect*  of  the  various  diffusion  processes  which  occur 
during  the  shear  end  expansion  associated  with  the  etasoepheric  flow: 

c3  -  g(A  +  u),Ca  *ui  '*/ (t>o  (0> )  3. 

At  sea  level  this  is  an  extremely  email  quantity  (unless  of  course  the  length  scale  is  minute,  which  is 
not  the  case)  .  The  constants  A,  a  and  C  iu  given  by  A  -  1, 

B  <•  (yKP)1//3(>  +  g)  2'/3(a/Y<'')4//3> 

ard  C  (K/yy)1/3(K/(l  +  p)  )1/3(a/Yu)2/3, 

while  the  a^  ,  b .  ,  c^  and  d.  are  known  os  roots  of  polynomials  whose  coefficients  us  determined  from  the 
j£.,  (i  "  1,  '2,  3).  'Bius  they  are  fiatctions  of  the  frequency,  wave  nuriber  and  Prandtl  nuafoer. 


Bie  transformation 


y 


(168'4(-it! 


-3^-30*,  1/6 


1b  now  made  which  throws  the  T-«quation  into  the  form  LT  «■  0,  where 

Bi 


i. 


8  Q  £ 

A  n  (6  +  2a,8~S  +  B(S4/16)l/V  n  (6  +2b.6'A)  +  C(8/2)2/3y4  n  (6  2c. B~3'! 

i-1  1  4  1  i-.l 

y  n  (6  +  2d,  6  )  , 

i«l 


where  f)  denotes  yd/dy.  In  chia  for*  of  the  equation,  high  altitudes  correspond  to  small  values  of  ly|  , 
and  emphasis  is  given  to  the  fact  that  here  the  interaction  of  the  diffusion  processes,  measured  by  the 
quantity 

g(A  +  u)*l  ^u(A  +  uJK.e3®*, 


is  p>ore  in^tortant  than  their  individual  effects  which  may  be  measured  by 
p  +  (X  t  u)  -i  K  MK  +  A  +  p)g6z. 


Biis  being  the  case,  solutions  at  z  -  ’  may  new  be  found  from  an  examination  of  the  behaviour  near  y  -  0. 
Since  the  operator  t  is  of  the  eighth  order,  there  ere  eight  solutions  to  be  founi,  and  six  of  these  have 
their  physical  origin  in  the  effects  of  interaction  between  the  various  diffusion  processes.  All  the 
solutions  have  a  regular  singularity  at  the  y-origin  and  in  fact  there  are  eight  linearly  independent 
Frobenious-t.yoe  solutions.  These  are  valid  at  heights  corresponding  to  |y|  <1,  that  is  at  heights 
greater  than  zo>  where 

e3Bzn  -  16u(p  (o))3/34K(X  ♦  g)ga2. 

o 

This  is  typically  about  ISO  km.  Above  this  level  the  rarelied  atmosphere  becomes  increasingly  viscous. 

Now  the  occurrence  of  eight  solutions  here  shows  that  two  spurious  ones  have  been  annexed  during  the  pro¬ 
cess  of  forming  the  temperature  equation,  (this  is  unavoidable  because  of  the  previously  mentioned  ’shift- 
rule'  property  of  D  which  comes  into  play  during  the  elimination  of  u  and  q  from  the  original  sixth  order 
set.)  However  they  are  readily  exposed  by  a  simple  test.  Thus  the  relevant  indicial  equation  has  eieflit 
roots  given  ay 

»  -2a^/&,  i  ”  1,  2,  ...,8 

and  two  of  these  may  be  rejected.  These  correspond  to  the  factor 

2  22-22 
D  +  SBui  -  k  +  m  e  +  68  . 


Physically  they  represent  isothermal  sound  waves  (multiplied  by  an  ajgjonentxal  function  of  the  altitude) 
which  could  be  present  only  in  the  absence  of  viscosity. 


Of  tire  remaining  six  solutions,  three  more  may  be  rejected  by  consideration  of  the  expressions  for 
the  uiscouii  stresses  and  heat  tlux  at  large  heights.  These  contain  terms  like  X3w/3z  and  K3T/3z,  and  so 
if  tire  stresses  are  to  be  bounded  at  high  altitudes,  as  the  physical  conditions  require,  then  the  only 
admisaable  solutions  are  of  the  form  Tj(z)  ,  j  •»  1,  2,  3,  where 


and 


Tl<z) 

- (k+28) *  Y  „ 

•  e  )  T,  < 

*•  In 

n-o 

T2(z) 

-(k+fOx  r 

”  )  T.,  J 

t  2ti 

n«o 

Tj(z) 

-kr  r  m  -8nz 

-  e  )  T.  e 

'■  3n 

-Qnz 


■Bnz 


+  To2-zT1(z) 


+  T  z.T  { z)  . 
&3.  1 


n-«o 


The  T  are  coefficients  which  in  principle  may  be  determined  recurrently.  Corresponding  solutions  for  q 
are  os3 the  form: 


-Kb  - 

«  L  ij, 

n«o 


-kz  P  -Snz 

“  L  q2n* 

+  ^2 

ri”o 

2-<k+0U  r 
*  m  L 

-Snz 

q3n* 

%3‘V 


So  the  solutions  for  ths  vertical  displacement  q  are  characterised  by  the  leading  terms  a  “,  z2e~  +  ®  z 
and  se-11*.  This  .laat  term  i«  Mhe  dominant  ono,  and  coincides  with  one  of  Vanowitch’s  results,  although 
hi*  tniatmant  ewita  the  affect  of  compressibility  and  heat  conduction.  The  three  rejected  solutions  are 
similar  to  that*  except  that  -k  ia  replaced  by  k,  and  the  requirement  that  >3w/3z  and  K3T/3z  be  bounded 
preclude*  these.  An  examination  of  the  behaviour  of  the  corresponding  pressure  perturbation  and  other 
variables  follow*  from  egression*  given  in  section  2.  These  too  decay  at  sufficiently  large  heights. 


So  provided  the  wave  amplitude  at  the  incipient  viscous  leviejj,  is  not  so  large  that  linearization  it 
invalid  it  may  be  concluded  that  the  motion  Is  negligible  when  ze  is  sufficiently  small.  This  altitude 
increases  with  wavelength  and  for  very  long  gravity  waves  (''■10O0  kmi  this  would  be  at  heights  oi  about 
300  kw.  It  Is  noted  that  the  inclusion  of  a  cooling  effect  does  not  substantially  alter  this  result. 
Agreement  with  LiJidzen  (1970)  also  follows  if  k  is  set  equal  to  zero;  this  is  to  be  expected  since  for 
vurv  long  waves  the  horizontal  divergence  is  negligible. 

The  next  task  is  to  consider  the  lower  boundary  where  z-values  are  small  and  |y|  is  large. 


4.  Solutions  at.  the  lowest  levels 

Near  the  earth's  surface  a  boundary  layer  is  to  be  expected.  bocal  orographic  and  other  features 
have  Inportant  consequences  but  this  is  another  problem  and  it  is  only  necessary  to  consider  the  case  of 
a  simple  plane  horizontal  boundary.  Corresponding  to  large  values  of  |y|  ,  the  solutions  to  LT  w.  o  are  of 
two  basic  forms,  first,  there  arc  four  solutions  of.  the  Frobenious  type  in  descending  powers  of  y. 

Included  among  these  are  two  whose  first  terms  represent  inviscid  acoustie-yravi  ty  wave  solutions  -  one 
with  air  upward  propagation  oi  energy,  the  other  showing  a  flux  downwards.  The  remaining  Frobenious 
solutions  have  leading  terms  representing  quasi-isothermnl  sound  waves.  These  do  not  satisfy  the  original 
set  of  equations  and  so  correspond  to  the  two  solutions  introduced  during  the  derivation  of  the  temperature 
equation. 


The  second  class  of  solutions  are  of  the  normal  type  of  the  form 


■T(y)  -  eay  y3°  L  Tnay-a. 

8-0 

Generally  the  series  obtained  here  are  asymptotic.  There  are  four  of  these  normal  solutions  and  in  terms 
of  z  the  leading  terms  contain  the  dominant  fac  rs 

z/2 

exp(ate^  '  ) ,  i  -  1,  2,  3,  4 

where  the  >*  2^\  or  taking  any  of  the  four  values  which  may  be  assigned  to 


If  here  8  is  allowed  formally  to  tend  to  zero  (which  is  tantamount  to  neglecting  gravity)  these  dominating 
factors  are  proportional  to 

_  _1  1  1  J 

exp  [  .  2  2".  y?  ^"(  zq  -  z)  J 

where  z  is  the  datum  (sea)  level.  The  four  normal  type  solutions  therefore  show  two  solutions  with 
extremeiy  rapid  growth  upwards  and  two  with  a  fast  decay.  Comparison  with  the  case  in  which  gravity  is 
absent  (8  -►  0)  shows  that  the  decaying  solutions  are  of  tile  boundary  layer  t/pe  in  which  tho  thermal  and 
viscous  layers  are  mixed.  Now  from  the  previous  section  there  are  three  solutions  available  which  satisfy 
the  upper  boundary  condition  of  finite  stress,  and  so  in  general  there  is  one  linear  confcination  of  these 
having  an  asymptotic  expansion  in  whi  :h  the  two  large  growth  normal  solutions  are  absent.  Moreover  from 
the  y-equatior,  it  is  seen  that  this  conbinatiom  does  not  contain  e.  explicitly.  In  principle,  then,  the 
solution  is  determined  uniquely-apart  from  any  arbitrary  multiplying  constant  which  may  be  found  by  confiari- 
son  with  the  absolute  magnitudes  involved. 


At  low  levels,  the  two  Frobenious  solutions  are  of  the  form 


ya+.--  I  T 


(*,-)  y-n. 


where  the  indices  are  given  by 


,  +  -,,,2  .  „2.„  2  -2  ,  ..2,2-2  - 2.1/2  -1 

-1  -  2(k  +  C/4-wa  +(y-  l)g  k  w  a  )  8  , 


-1  -  2JB  *.p(k,w)  nay. 


1/2  -1/2 

where  m  is  the  vertical  wave  nunber.  The  boundary  ljysr,  of  thickness  !>  ■  0(u  w  ),  virtually  has  no 
effect  upon  the  lower  boimdary  condition  attached  to  the  vertical  displacement  q,  ( q -  qz„j)  end  so  may 
be  ignored.  Hie  solution  near  sea  level  is  then  of  the  form 

jy+  viy°- 


where  the  are  unknown  functions  cf  all  the  paramsters  (Prandtl  number,  frequent y,  wavelength)  save  r. 

In  tills  respect  the  are  0(1).  And  when  m  the  vertical  wavenunber  is  imaginary  and  eqjal  to  iM  say 

+  ,  — 
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(no  that  the  an^litude  behaviour  in  the  vertical  direction  ia  exponential !  this  approximate  solution  is 
fomd  tc  be 


s-i 


^l/S+M/BJB/SiHJz 
r  el/2-*VB.<B/a«(^e-te  +^_e2  ./B  eMZ)( 


tM  1  O) 


in  terms  of  the  height  z.  Here,  since  eAM/  is  small,  the  term  showing  the  smaller  growth  upwards  is 
dominant.  This  confirms  the  customary  selection  made  in  Inviscid  theory'  in  the  case  of  imaginary 
vertical,  wavenumbers 


When  this  wavenumber  is  real  the  choice  is  more  difficult  to  sibst.antiate.  This  is  because  of  the 
possibility  o:F  reflexion  mechanising  in  the  upper  stratosphere  and  higher,  arising  from  the  ever  increaring 
effects  a  2  diffusion.  Horn  the  tenuous  gluey  region  above  about  200  km.  can  act  like  a  floating  cushion 
vhidi  responds  only  to  the  more  ponderous  waves,  the  shorter  ones  being  absorbed  by  it.  In  view  of  the 
auaV/tic.ul  difficulties  attached  to  the  temperature  equation,  this  suggests  two  approximation^  which  can 
be  made.  Firstly  the  absorption  effects  may  be  underestimated  by  the  omission  of  the  e  and  e  terms.  The 
remaining  fast  growing  interaction  term,  proportional  to  t  se3  z  can  then  be  expected  to  over-emphauise 
i-etlexiori.  On  the  other  hand  the  terms  of  smallest  influence  below  the  incipient  viscous  level  may  be 
dropped,  and  the  consequent  remit  wfll  under-estimate  reverberation  because  the  e-term  retained  is  of 
"mallfcst  upward  growth.  Apart  from  .  ome  difficulties  arising  from  the  presence  of  the  spurious  isothermal 
wave  operator,  analytical  solutions  to  the  resulting  approximate  problems  are  readily  obtained  in  terms 
of  Meijer's  G-function  (Meijer,  1946)  .  Asymptotic  forms  of  G  are  given  by  Meijer.  Thus  crude  but  useful 
approximations  may  be  obtained  from 

.  9  4 

[ic3 e3BZm  (D  -  a.)  +  ii  (D  -  d.)]T  -  O, 

i-1  i=l 

,6  4 

and  [-itetZCn  (D  -  c.  )  +  n  (D  -  d. )  ]T  -  O. 

i=X  i=l 

Solutions  to  the  first  of  these  equations  in  Meijer's  functions  are 
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0- 


,.mtn.  -3  -4,, -4  -3Bz 

1)  re  .  3  B  e 


-a./3C\ 

-d^A 


where  m  and  n  are  integers,  O  -  m  -  8  and  0  s  n  -■  4. 


If  here  the  independent  variable  z  is  replaced  by  y  “  e  z,  the  present  ne .miner  of  m  and  n  refers  to  the 
expansion  of  G  about  y  “  O  and  y  »  •>  respectively.  At  the  y-origin  (z  -  «9  the  expansion  of  G  contains 
a  linear  combination  of  m  independent  Frobenious  solutions  of  the  differential  equation,  while  at  infinity 
(z  «  0)  the  asymptotic  expansion  of  G  contains  n  linear  polynomial  solutions  which  are  dominant  provided 
m  +  n  >6.  The  possible  occurrence  of  isothermal  wave  solutions  which  were  rejected  from  the  original 
temperature  equation  new  are  to  be  admitted  in  the  approximate  solution,  provided  that  no  upward  propaga¬ 
ting  type  i3  present  at  low  levels.  This  is  because  the  same  boundary  conditions  apply  to  both  the 
original  and  approximate  equations  at  these  levels  and  in  the  approximate  solution  this  allows  only 
incoming  isothermal  waves.  Further,  the  amplitude  of  these  waves  are  to  be  small  compared  with  the 
inviscid  waves  at  low  levels.  In  the  acoustic  spectrum  it  then  follows  that  the  appropriate  solution  is 
given  by  m  »  5  and  n  =  3.  This  yields  a  low-level  aryirptotic 

1/2,  um/6B  imz  .  **a  -nnv/6B  -imz. 

e  le  e  +ee  e  ! 


where  the  conplex  phase  shift  6  is  known  and  ha?;  positive  imaginary  part, 
now  shows  that  the  reflexion  coefficient  for  an  upward  travelling  acoustic  wave  is 


i  (kx-wt) 


Multiplication  by  e 
less  than 

exp (-nm/39) .  For  gravity  waves  a  similar  argument  holds,  except  that  at  high  altitudes  one  spurious  type 
solution  showing  an  exponential  growth  upwards  must  be  avoided.  Hie  appropriate  solution  is  then  of  the 
form  f/Jg,  -which  at  low  levels  behaves  like 


1/2 ,  -rm/6g  imz 
c  (e  e  t 


16 


g  iin/dd  -imz 


whore  here  6  has  zero  Imaginary  part.  So  the  reflexion  coefficient  for  gravity  waves  is  also  less  than 
e-"m/3  _  (it^is  recalled  that  the  vertical  phase  propagation  for  gravity  waves  is  downwards.) 

An  exactly  similar  procedure  may  be  fol lowed  through  for  tins  second  type  approximation,  and  again 
the  spurious  isothermal  wave  operator  has  to  be  reconsidered.  If  the  absorption  at  the  intermediate  levels 
(120  km.  -  100  km.)  is  relatively  high,  this  approximation  can  be  expected  to  yield  satisfactory  results. 
Here  the  reflexion  coefficient  is  found  from  solutions  of  the  form 

-Cf/B  a 

-dj/B  ) 

where  the  choice  of  m  and  n  depends  upon  the  nuut>er  of  coefficients  c^  which  have  positive  real  part  i,e. 
depending  on  tne  decay  or  growth  behaviour  of  the  approximate  solution  at  large  heights.  Detailed  results 
of  this  second  approximation  await  computation.  But  the  first  gives  a  bound  for  the  reflexion  coefficient 
which  is  sufficient  for  the  present  purpose . 


^lan  /  (_1)»trd-1,,-l„-2_-Bz 
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it  8 


5 .  Concl unions 

The  above  results  confirm  that  reflexion  may  be  Ignored  except  for  waves  whose  vertical  wa/elength 
is  very  large  coa^ared  with  th*  scale  height  B  .  This  italics  that  an  inviscid  model  which  has  an  iso¬ 
thermal  upper  layer  can  accurately  simulate  an  atroephere  with  a  high  altitude  viscous  region.  For  in 
both  models  all  waves  with  a  vertical  exponential  behaviour  decay  upwards  without  reflexion  while  rhoce 
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whose  vertical  wavelength  lg  not;  too  largo  may  be  regarded  as  lost  to  the  upper  stratosphere  if  they  can 
penetrate  tha  lower  temperature  stratification  barriers.  Among  other  things  this  justifies  some  of  the 
claims  mads  in  earlier  papers  (Warren  &  1367,  Warren  6  MacKinnon,  1969)  that  an  inviscid 

temperature-stratified  model  can  give  a  reasonable  imitation  of  the  effects  of  high  level  diffusion  at 
lower  levels  by  capping  the  model  with  an  ' inoaphore ■  i,e.  by  an  infinite  isothermal  layer.  Here  the 
untrapped  waves  radiate  freely  to  infinitely  large  heightti  and  the  resulting  energy  sink  is  not  too 
dissimilar  from  diffusive  dissipation. 

The  viscous  isothermal  model  used  here  suffers  from  the  defect  in  that  the  basic  temperature 
gradient  upwards  doer  not.  vanish  in  reality.  However  the  effect  of  this  is  not  important  for  the  acoustic 
gravity  waves  under  discussion  here  because  the  actual  temperature  gradient  is  relatively  small:  most  of 
the  energy  will  be  absorbed  before  the  stratification  reflexion  mechanism  can  operate  -  except  perhaps  for 
wa’nas  with  very  small  vertical  wave  timbers,  m<<8.  On  the  other  hand  at  extremely  high  altitudes  (say 
about  250  km)  the  continuum  hypothesis  begins  to  brea*  down.  If  this  is  so  i.e.  if  thu  mean  free  path  is 
no  longer  very  small  conpared  with  the  horizontal  wavelength,  the  motion  becomes  of  an  increasingly  random 
nature.  Viscous  reflexion  then  can  no  longer  be  expected  for  organised  flow  no  longer  exists,  and  the 
estimated  upper  bound  for  the  reflexion  coefficient  becomes  misleading.  This  of  course  would  enhance 
fur  the--  the  argument  for  the  use  of  a  model  with  an  'isosphere'  for  lower  level  acoustic  gravity  wave 
problems.  Its  position  and  temperature  would  depend  upon  the  spectrum  of  the  excitation.  Some  effects  of 
a  change  of  this  position  have  been  investigated  numerically  by  MacKinnon  (1970)  . 
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Sommaire 


La.  morphologic  des  sous' oragea  (.'ondea  inirasoniqueB  aurornJ.es  (OIA),  telle  qu'ou  a  pu 
la  determiner  a  partir  d'obsenvations  in  "rmaoniquee  effeciut-ea  a  Inuvik  (68,U°N),  College  ( 61* , 9°H ) 
et  Palmer  ( 60,8°N) ,  le  long  d'\u)  aSr.idiei  magnistique  passant  a  travers  1  ’Alaska,  r£vele  qu'on  ne 
voit  jamais  lea  OIA  ae  propager  en  direction  du  pole,  en  d6pit  du  fait  que  lea  activitee  aurcrales 
cbaerveea  apparaisaent  frSquerament  au  sud  dea  stations.  On  a  pu  montrer  que  les  OIA  aont  dec  ondea 
infraconiquea  d'accompagnement  engendrSee  par  der  nouvements  8uperBoniques  d'arcs  d'electrojet  au¬ 
roral  diriges  vers  l'cuest,  1 ' Squat eur  ou  l’est, 

Dea  exemples  particul  iers  d '  expans  ions  aurcrales  en  direction  du  pole,  peasant  au  zenith 
d'Inuvik,  ont  £-te  etudiea.  On  a  d£couvert  que  des  mouvements  d'arca,  avec  forts  electrojets,  s'ef- 
fectuant  en  direction  du  pole,  mane  a  das  vitesses  supersoniques  (levies,  ne  produisent  pas  d'ondeE 
d'accompagnement  infrasoniqves .  Lorsque  s' effect us  un  renversement  de  la  direction  de  1' expansion 
vers  le  pole,  et  que  les  arcs,  par  suite,  se  depiacent.  en  direction  de  l'6quateur,  on  observe  de 
fortea  OIA  a  partir  des  arcs,  Cette  asymStrie  done  1 'apparition  des  OIA  par  rapport  a  la  direction 
du  mouvement  d'un  are  est  interpretee  comae  une  asyraetrie  iutrinseque  du  mecanisme  de  producti.cn  a 
j. ' int£ri«ur  des  arcs  auroraux,  et  non  comme  un  effet  de  propagation.  On  pose  en  postulat  que  l'im- 
pulsion  acoustique  de  base  a  1'intSricur  des  arcs  d'electrojet  est  creee  par  des  collisions  avec  le. 
gax  neutre  des  ions  poaitifs  entraSnSs  par  la  deriie  electrodynamique  qui  se  produit  dans  la  region  E 
de  I 'ire  auroral.  Ainsi,  la  force  de  lorentz  est  le  rae-.-anisme  de  couplage  entre  les  perteurs  du  cou- 
rant  d'electrojet  et  le  gaz  neutre,  Un  processus  u ‘ionisation-collision  a  lieu  a  l'ir.terieur  des  arcs 
auroraux,  pour  les  arcs  qui  se  dfiplacent  a  des  vitet:ses  supersoniques  clans  une  direction  pus-allele 
a  celle  de  la  derive  d'lonisation  par  les  neutreo,  ^'augmentation  de  density  ionique  qui  en  results 
pour  cee  arcs  r€duit  la  conatante  de  tesnps  pour  la  derive  des  ions ,  de  sort e  que  le  couplage  pur  la 
force  dc  Loreutz  a  pour  effet  de  produ.ire  une  onde  de  choc  infrasonique. 

Si  la  translation  supersonique  de  la  nappe  primaire  aarorale  d'l 1 ectrona  presents  une  com- 
poaante  de  mouvement  porallele  au  corn  ant  electrodynamique  cleu  it  ns  positife  une  onde  de  choc  au- 
rorale  infrasonique  se  produit  dans  la  region  1  de  1'-'  losphSre  et  se  propage  vera  le  sol  sous  for¬ 
me  d'une  onde  de  choc  modifiee  ou  onde  d 'ac  comp  ago  emt  ,  Si,  par  centre,  le  mouvement  des  sires  au¬ 
roraux  eat  actiparallile  a  la  derive  des  ions  positifo,  il  ne  se  produit  pas  d'OlA, 
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SUMMARY 


The  morphology  of  auroral  infrasonic  wave  (AIW)  subatoran ,  as  determined  from  infrasonic.  observa- 
ticno  i»t  inuvlk  (68.4"N),  College  (64,9°N)  and  Valuer  (6Q.8°N)  along  a  magnetic  meridian  through  Alaska, 
ancws  that  AIW  are  never  ovservaf  propagating  in  a  poleward  direction  even  though  auroral  activity  ftc- 
quentuy  occurred  soutn  of  the  stations.  AIW  have  been  shewn  to  be  infrasonic  bow  waves  generated  by  super¬ 
sonic  westward,  eouatorward  or  eastward  motlms  of  auroral  electrojet  area. 

Specific  exfuaplen  of  auror.»l  poleward  expanoions  which  cress  the  Inuvlk.  zenith  have  been  studied. 

It  was  found  that  even  highly  supersonic  poleward  motions  of  area  with  strong  e.l.ctrojets  do  not  produce 
inf raa on'.c  bow  waves.  When  a  reversal,  in  direction  of  the  poleward  expansion  occurs  and  the  arcs  subse¬ 
quently  move  eqv»torvArd ,  strong  AT.W  are  observed  from  the  arcs,  This  asvumietry  in  the  occurrence  of 

AIW  with  respect  to  direction  of  notion  of  an  arc  is  interpreted  as  an  Intrinsic  asymmetry  in  the  genera¬ 

tion  mechanism  within  the  auroral  a~cs  and  not  as  a  propagation  effect.  It  is  postulated  that  the  basic 
acoustic  pulse  within  the  olectrojet  arcs  is  caused  by  collisions  with  the  neutral  gas  of  positive  ions 
that  ava  driven  by  alectrodynamic  drift  in  the  E  region  of  the  auroral  arc.  Thus,  Lorentz  force  is  the 
coupling  mechanism  between  che  electrojet  current  carriers  and  the  neutral  gas.  An  ioni  zati.G;i- collision 
process  occurs  within  the  auroral  ates  for  those  arcs  that  are  moving  supersonically  in  s  direction 
parallel  to  the  direction  c?  the  neutril  ionization  drift.  The  resulting  increase  In  ion  density  for 
such  arcs  reduces  the  time  constant  for  ion-drag  so  that  the  I.orentz  force  coupling  is  effective  in  pro¬ 
ducing  an  infranonic  shock  wave. 

If  the  supersonic  translation  of  the  primary  auroral  electron  sheet  has  a  component  of  motion  paral¬ 
lel  to  the  eloctrodynamic  drift  of  the  positive  ions,  then  an  auroral  infr^sonir  shock  wave  will  be  pro¬ 
duce  i  in  the  E  regi  >n  ionosphere  and  oropagate  to  the  ground  as  a  modified  shock  or  bow  wave.  If,  on  the 

other  hand,  the  auroral  arc  motion  is  anti-parallel  to  the  drift  oc  the  utoitivc  ions,  then  no  AIW  will 

be  produced. 

1.  INTRODUCTION 

Ground  observations  of  atmospheric  pressure  fluctuations  in  the  auroral  zone  at  College,  Alaska  have 
been  used  to  show  that  ir.frasonlc  .raves;  are  produced  by  supersonic  motions  of  auroral  fres  (Wilson  and 
Nichpsrenko,  1967;  Wilson  1969a).  The  prensure  disturbance  propagaii.B  to  the  ground  as  a  bow  or  modified 
ohock  wavv.  Constructive  interference  of  the  acoustic  pulses  generated  in  the  E  region  of  auroral  arcs 
cause  the  formation  of  the  bow  wave  os  the  veil  of  precipitating  auroral  electrons  sweeps  across  the  sky 
at  supersonic  speed  (Wilson,  1967;  Chlmonas  and  Peltier,  19  70).  For  the  direct  wave  in  the  " front-shock" 
region  (see  Wilson,  1969c>  the  delay  time  between  zenith  pasoagfc  of  the  auroral  arc  and  reception  of  the 
auroral  infrasonic  wave  (AIW)  at  the  ground  is  six  to  eight  minutes.  For  an  isothermal  atmosphere  with 
no  winds  the  horizontal  trace  velocity  V  of  the  AIW  is  equal  in  speed  ani  direction  to  that  of  the 
auroral  arc  (V  ■■  o  seen  where  c  Is  the  loee  t  speed  of  so'ind  and  a  is  the  angle  between  the  wave  normal 
and  the  horizontal). 

A  good  example  of  an  AIW  due  to  the  zenith  passage  of  a  supersonic  auroral  arc  at  College  is  given 
In  Figure  1  below  the  all  sky  camera  (ASC)  pictures  of  the  aurora.  The  pressure  versuo  time  traces  from 
the  four  infrasonic  microphones  have  been  superimposed  and  time  shifted  to  shew  the  coherent  wave  form 
of  the  AIW.  The:  AIW  arrived  from  art  azimuth  of  48”  with  •»  460  m/sec  at  0720  U.T.  just  six  minutes 
after  the  aurora  arrive  1  at  the  zenith.  All  times  in  the  payer  are  in  universal  time.  Because  of  the 
complex  structure  of  the  auroral  forms  and  the  impossibility  of  identifying  a  particular  "point”  on  the 
moving  aurora,  ex  heat,  only  an  estimate  cun  be  given  for  the  auroral  speed  and  direction  of  motion.  The 
auroral  velocity  normal  to  the  a  c  .rom  0711  to  0715  was  980  m/sec  with  =  50°.  Zenith  crossing  time  of 
the  supersonic  arc  is  also  phe-vn  in  Figure  1  by  the  sudden  increase  in  cooric  noise  abuorptl.cn  on  the 
College  riometer  at  -  07x5  and  by  the  reversal  from  minus  to  plus  or  7,,  the  vertical  component  of  the  sur¬ 
face  magnetic  perturbation  due  to  the  e.lectrojec  within  the  arc.  The  actual  values  for  H  and  Z  in  Figure 
1  at  0  ’00  were  *  Z40y  ana  -90y  respectively  due  to  the  presence  of  the  westward  flowing  auroral  electrojet 
n  rth  of  College  ut  that  time.  H  and  Z  were  set  equal  to  zero  at  0700  in  Figure  1,  however,  to  show  only 
themagnetic  effect  of  the  supersonic  auroral  eiectrojec  arc  shewn  in  the  ail-sky  photogrrphs . 

Morphological  studies  of  AIW  of  the  type  shewn  In  Figure  1  have  demonstrated  the  clear  association 
between  supersonic  motions  that  develop  during  the  expansive  phase  of  auroral  substorms  and  the  generation 
of  AIW  (Wilson,  1969c).  Further  proof  of  the  generation  of  AIW  by  auroral  elect  rojet  arcs  that  are  moving 
with  supersonic  speed  in  a  direction  transverse  to  thelt  long  axes  have  been  obtained  from  a  study  of  the 
rate  of  change  of  the  tatic  of  the  vert  ical  to  the  horizontal  coraponent.(d_(Bz/Bh) )  ot  the  surface  magnetic 

dt 

perturbation  due  to  the  electrojet  Hall  current  along  the  arc  (Wilson,  1969b).  The  variation  In  the 
direction  of  arrival  of  AIW  witn  local  time  has  been  related  to  the  motion  of  type  "F"  ( "  j<  thasorathy  and 
Berkey,  1965)  auroral  sudden  cosmic  noise  absorption  events  as  additional  evidence  connecting  supersonic 
uroral  muttons  taking  place  within  the  auroral  ovel  and  the  generation  of  7»IW  (Wilson,  1970). 

Statlntlcal  results  from  139  rlHz  auroral-radar  backscatter  neasurenrnnta  made  at  Homer,  Alaska  by 
Star.forc  Research  Institute  shewed  that  regions  containing  radar-aurora  that  were  In  supersonic  motion 


were  related  in  time  and  general  location  to  source  region*  of  AIW's  (Fremouw,  1970). 

The  one  anomaly  that  aroioe  In  the  study  of  the  apparent  cause-effect  relation  between  supersonic 
auroral  motions  and  the  consequent  generation  of  AIW  was  that  poleward  motions  of  the  aurora  did  not  seem, 
from  the  observations  at  College  at  64.9*N  (corrected  geomagnetic  latitude)  to  produce  Infraaonic 

now  wavts.  It  was  decided  to  establish  a  filfiler  latitude  intraaortic  station  at  Inuvlk  N.W.T.  in  Canada, 
approximately  on  the  magnetic  teridian  through  College,  at  71.1°N  to  search  for  AIW  from  poluard 
expansions  of  the  auroras  that  cross  the  Inuvik  zenith  from  southct8‘north  at  supersonic  speeds  during 
most  aubstorms. 

The  importance  of  these  poleward  expansion  -  AIW  observations  lies  In  the  fact  that  one  ;u  discrlmi 

nate  between  the  three  baaic  mechanlsnu  Chat  have  been  proposed  for  producing  an  acoustic  pul  e  within 

the  moving  elecr.rojet  by  comparison  of  AIW  signal  characteristics  an;J  the  direction  of  motion  of  the 
aurora  relative  to  the  direction  of  the  westward  electrojet  current  J. 

It  is  shown  that  the  basic  acoustic  pulse  within  the  eleccrojet  arcs  is  caused  by  collisions  with 
then  neutral  gas  of  positive  Ions  that  are  driven  by  elertrodynamic  drift  in  the  E  region  of  the  auroral 

arc.  If  the  supersonic  translation  of  the  primary  auroral  electron  sheet  has  a  component  of  motion 

parallel  to  the  electrodynamic  drift,  then  an  auroral  Infraaonic  shock  wave  will  be  produced  in  the  E 
region  Ionosphere  and  propagate  to  the  ground  as  a  modified  shock  or  bew  wave. 

Statistical  AIW  Results 


The  morphology  of  auroral  infraaonic  substorms  can  be  visualized  most  easily  with  respect  to  the 
auroral  oval  and  not  the  auroral  zone.  Auroral  arcs  tend  to  appear  most  frequently  along  the  auroral 
oval  in  a  pattern  that  is  fixed  relative  to  the  sun-earth  line  and  eccentric  with  respect  to  the  dipole 
pole.  The  auroral  oval  coincides  with  the  auroral  zone  only  in  the  midnight  sector  (Feldsteln  and  Star- 
kov,  1967).  Although  the  auroral  oval  expands  and  contracts  with  changing  geomagnetic  conditions,  it 
can  be  used  to  relate  the  AIW  to  supersonic  auroral  motions  which  take  place  within  the  auroral  oval 
during  a  typical  substorm  (Wilson,  1969s;  1969c). 

In  Figure  2  the  auroral  oval  is  plotted  In  corrected  geomagnetic  latitude  (4>  )  and  corrected  geo¬ 

magnetic  local  time  (Whalen,  1970)  for  the  disturbed  conditions  with  the  Feidntelncp8r3miter  Q  *  .6 
(Feidateln  and  Starkov,  1967).  The  geomagnetic  pole  (80°N,  81  °W  geographic)  la  shewn  at  the  center  aid 
the  direction  toward  the  sun  Is  indicated  by  the  arrow.  Three  circles  of  dot-,  represent  the  locutions 
of  Palmer  (t  ■  60.8°),  College  (0  -  66.9°)  and  Inuvik  ($  «  71.1°)  ar.  each  hour  cf  uni/atsal 

time.  In  thJi8dlagram  the  locations  o£®£he  three  stations  are  ffxld  with  respect  to  ach  other  (as 
shown  by  the  dashed  lines  at  2  U.T.  and  12  U.T.)  by  a  polar  azimuthal  equidistant  projection  map.  The 
map  and  hence  the  three  station  locations  rotate  with  changing  time  about  the  dipole  pole  beneath  the 
fixed  auroral  oval.  Midnight  occurs  along  the  magnetic  meridian  through  College  and  Palmer  at  1000  U.T. 

In  this  diagram  the  north  geograpnic  pole  rotates  about  the  center  in  a  circle  10°  in  diameter.  In  a 
projection  of  this  type  one  can  study  the  variations  with  local  tire  and  geomagnetic  latitude  of  the  fre¬ 
quency  of  occurrence  of  AIW  as  a  function  of  azimuth  of  arrival  with  respect  to  tho  auroral  oval. 

In  Figure  2  the  total  number  of  AIW  for  the  data  period  are  plotted  for  20°  increments  of  azimuth 
of  arrival  <p  for  each  hour  interval  of  universal  time  at  the  station  location  for  the  U.T.  hour  at  the 
beginning  of  that  time  interval.  The  number  of  AIW  are  represented  by  vectors  pointing  toward  the  sta¬ 
tion  in  the  direction  from  which  the  AIW  have  come.  The  length  of  the  vectors  are  proportional  to  the 
total  number  of  AIW  received  at  the  station  over  the  entire  data  period  within  a  particular  20°  Interval 
of  4>.  The  number  of  AIW  scales  are  given  for  the  vectors  ir,  the  center  of  the  oval  ,  The  wcalt  for 
College  is  four  times  that  for  Palmer  and  Inuvik.  l'ne  data  periods  and  total  number  of  AIW  from  all 
directions  at  all  times  for  each  station  used  in  the  construction  of  Figure  2  are  as  follows:  Inuvik 

lb  Nov.  1969  to  31  Dec.  1970,  No.  AIW  -  236;  College  26  Dec.  1965  to  31  Dec.  1970,  No.  AIW  -  '.806;  Pal¬ 

mer  31  Oct.  1967  to  22  Oct.  1968,  No.  AIW  »  101. 

In  relating  the  directions  of  arrival  and  number  of  AIW  to  the  location  of  a  station  with  respect  to 
the  auroral  oval  It  should  be  remembered  that  the  oval  shown  in  Figure  2  la  for  Q  «  5  or  disturbed  con¬ 
ditions.  When  Q  *  0  lit  calm  conditions  the  oval  contracts  so  tnst  its  eqaatorwaid  boundary  is  everywhere 
poleward  of  70°N  and  during  very  disturbed  conditions,  Q  ■  8,  the  oval  expands  to  a  10°  width  in  the 
midnight  sector  ?£§m  65°  to  75°.  The  oval  for  Q  -  5  was  chosen  for  Figure  2  becausi  it:  represents  the 
oval  for  the  degree  of  geomagnetic  disturbance  during  which  most  auroral  infiasotiic.  substorms  occur. 

The  general  morphology  of  the  auroral  lnfrasonic  sibstormf.  .ith  referhr.ee  to  diagrams  of  the  type 
shown  In  Figure  2  ahas  been  discussed  in  detail  in  eartier  papers  (Wilson,  1969a;  1969c;  1970).  It  was 
concluded  that  the  AIW  at  College  and  Palmer  in  the  evening  sector  0300-0600  U.T.  are  due  to  bew  waves 
In  the  "side-shock"  region  of  westward  traveling  surges  that  are  moving  parallel  to  the  oval  along  its 
northern  boundary.  In  the  midnight  sector,  0900-1200  U.T.,  the  AIW  at.  College  reui.lt  from  bow  wa-.ia 
generated  by  equstorward  motions  of  auroral  arcs  when  College  was  Ln  the  "sl.de-shv.rk"  region  for  bow 
waves  generated  by  eastward  traveling  surges  (omega  bands).  The  time  nectois  from  0600  to  0900  U.T.  and 
from  1200  to  1500  U.T.  are  transitional  with  some  AIW  generated  by  auroral  motions  that  are  parallel  to 
the  auroral  oval  and  some  by  motions  transverse  (equatorward;  to  the  oval.  No  AH'  are  observed  in  the 
mid-day  sector  from  2200  to  0200  U.T.  at  any  cf  the  three  infrasonfc  stations. 

At  Inuvik  the  AIW  morphology  ln  the  evening  and  morning  sectors  is  similar  to  that  at  College.  In 
the  morning  sector  from  1600  to  2000  U.T.  there  are  no  AIW  fret#  eastward  traveling  surges  at  Inuvik  when 
this  station  is  poleward  of  the  path  of  these  surges.  The  bulge  ln  the  oval,  f  ‘  om  1600  to  1800  b.T.  arises 
from  the  tact  that  the  eastward  traveling  surges  move  at  lower  latitudes  than  do  the  westward  surges  in 
the  evening  sector.  From  the  lack  of  AIW  at  Inuvik  from  the  eastward  surges,  I  conclude  that  "side-shocks' 
or  bow  caves  are  not  radiated  in  Che  poleward  direction  b/  auroral  surges.  II  bow  waves  were  ratiua.ed  in 
the  poleward  direction  by  "side -shocks"  by  ,.he  eastward  surges,  then  in  Figure  2  one  would  see  AIW  arriv¬ 
ing  at.  Inuvik  from,  say,  1700  to  2000  !J.i.  from  directions  pariliel  to  or  slightly  to  the  south  of  the 


oval  cantar  Una.  TUI*  la  tha  fine  aayaaaatry  than  one  finds  in  Figure  2  in  t:h»  radiation  of  AIM  by 
supersonic  auroral  aotlor.r  .  ’ 

The  gyaatear.  saynmatry  in  ^tha  generation  of  ArW  by  auroral  mot  Iona  can  be  seen  in  Figure  2  at  Inuvik 
and  Collag*  In  t:h*  tlma  fcactor  Iron  0800  CO|.’.300  II. T.  During  the  midnight  sector  auroral  subatormf  develop 
within  the  ovni  with  a  orlghtanlng  of  the  aquatorvatd  arcs  and  a  very  rapid  eotlon  of  these  area  ir  the 
poDtward  direction  with  averay*  *p«ud*  of  600  m/aec  (Akasofu,  el:  al,,  1966*).  This  expansion  iif  the 
auroral  disturbance  ale.,;  take*  ‘place  in  the  equatorvard  direction  (Akasofu,  at  ai.,  ?9o6b)  but  not.  nearly 
aa  dramatically  as  toward  the  pole.  In  figure  2  one  can  aeo  that,  the  AIM  In  the  midnight  aector  at 
Collage  an<(  Inuvik  are  moving  from  north  to  aouth  or  equatorvard  transverse  to  the  oval.  No  AIM  are  ever 
obaet  «d  traveling  poifcvard  in  the  direction  of  the  poleward  moving  supersonic  area  thnt  fort,  the  auroral 
bulge,  vhtch  is  the  aoet  conspicuous  feature  of  the  expansive  phase  of  the  auroml  ••ubatorm. 

During  the  time*  whan  the  aavaral  thousand  AIM  clotted  ir  Figure  2  were  obaei-ved  it  College  ar  i 
Inuvik  there  vara  many  hundreds  of  supersonic,  no  lew  aid  expansions  of  the  auroras  which  would  have  pro¬ 
duced  observable  AIM  if  bow  yavas  were  generated  by  poleward  aotions  in  the  same  manner  that  rbey  are 
generated  by  equatorvard  auroral  actions . 

A  third  asymmetry  can  be  noct.lced  in  Figure  2.  During  the  mid-day  sector  nc  AIM  are  received  from 
acroua  the  polar  cap  from  substorms  tear  are  occurring  in  the  midnight  sector  of  the  oval .  During  some 
subvtorms  the  auroral  bulge  extends  up  to  80*  geomagnetic  latitude.  If  AIM  were  radiated  poleward  by 
thv  poleward  expansion* ,  1  Chen  tha  infrasonic  waves  would  croHS  the  polar  cap  and  travel  the.  3000  km  to 
the  Alaokan  oration*.  Becauoe  c£  their  higli  trace  velocity,  about  500  -  700  m/aec,  AIM  after  reflection 
from  thv  ground  rise  to  grent  heights  in  the  thermosphere  where  much  of  their  energy  is  cb3orbed  before 
being  infracted  back  to  the  surface.  However,  .observations  of  AIK  nt  Washington,  t.C.  from  the  auroral 
subscorT  along  the  auroral  oval  indicate  that  AIM  do  travel  at  least  1000  km  (Chrznnovakl ,  ct  al.,  1961), 
Thus  one  would  expect  that  If  AIM  bere  radiated  polownrd  by  auroral  aubstorws  that  over  an  observation 
period  of  five  years  at  College,  sorac  auroral  infrasonic  waves  would  have  been  detected  in  the  mid-day 
sector  from  over  the  polar  cap  traveling  north  to  south  at  College.  This  has  not  b?.en  the  case. 

1  i 

Thus  the  statistical  evidence  ,  from  several  thousand  AIM  observed  at  Palmer,  College  and  Inuvik  over 
many  years  Inei.aCes  that  supersonic  cxrtion  of  an  auroral  electj.ojet  arc  is  not,  in  itself,  sufficient  to 
generate  AIM.  In  norne  manner  the  direction  of  motion  of  the  arq,  either  polevlard  or  equatorvard,  in  also 
important  in  determining  whether  or  not ‘AIM  are  generated  by  supersonic  auroral  motions. 

: 

Poleward  Expansions  and  Reversals 

Exninpleo  are  given  of  poleward  expansions  of  auroral  subs  tortus  in  which  bright  auroral  area  move  with 
supersonic  speed  serose  the  Inuvik  zenith  from  south  to  north.  The  poleward  expansions  occurred  during 
times  of  sufficiently  low  ambient  noise  level  so  that  AIM  could  have  been  detected  if  they  were  generated 
Aid  ptepageted  to  the  ground  from  the  moving  arcs. 

Ail  sky  camera  photographs  from  a  meridian  chain  of  stations  are  shown  in  Figure  3  to  illustrate  a 
oo.’.ewsrd  expansion  on  8  January  1970,  The  dipole  latitudes  of  the  stations  ore:  College  64.6°,  Ft.  1 
Yukon  56.6°,  Inuvik  70.2’,  Sacks  Hnrbor 1 75 .0°.  At  1015  the  aurora  was  south  of  Inuvik  and  north  of  Ft. 
Yukon.  A  poleward  expamion  began  with  a  brightening  of  the  arcs  at  1020  followed  by  rapid  poleward 
motion  crossing  the  Inuvik  zenith  at  1024  and  the  Sacks  Harbor  zenith  at  1042.  The  speed  of  the  poleward 
motion  was  1030  m/oec  as  it  crossed  the  Inuvik  zenith.  A  negntlve  bay  in  H  of  -150y  and  a  plus  to  minus 
change  in  S  wort  recorded  on  the  Inuvik  magnetometer;  indicating  that  e.  westward  electro  jet  was,  flowing  in 
the  poleward  expanding  arcs.  The  infrasonic  records  for  Inuvik  for  8  January  1970  are  shown  in  Figure  4 
for  the  period  from  1011  to  1047,  The  noise  level  of  +  lubar  during  this  time  was  quite  lew  and  yet  no 
All!  woa  deter. ted  in  association  with  the  supersonic  motion  of  this  poleward  expansion.  If  a  bow  wave 
had  been  radiated  by  the  poleward  moving  arc,  it  would  have  arrived  at  Inuvik  around  1030,  from  a  direction 
of  200°  parallel  to  the  notion  of  the  aurora  and  to  the  plane  of  0H,  the  total  horizontal  disturbance 
vector  due  to  the  electrojet  In  the  arc. 

In  Figure  5  another  example  is  given  with  the  ASC  chain  of  a  poleward  expansion  that  crosses  the 
Inuvik  zenith  from  j>  "  210°  at  a  speed  of  52C  ra/sec.  The  I polewarcj  expansion  begins  at  0446,  crosses  the 
Inuvik  zenith  at  0500,  and  coroes  well  into  the  field  of  view  of  the  S^cks  Harbor  ASC  at.  0502. 

In  the  lower  left  hand  part  of  Figure  6  the  positions  of  tha  poleward  moving  arc  are  shown  relative 
to  Inuvik  at  minute  intervale  iron  0457  to  0501.  The  magnetic  perturbation  AH  (total  hprizontal  distur¬ 
bance  vector)  at  C4S9 ,  when  the  arc  is  In  the  Inuvik  zeni.li,  and  toe  auroral  velocity  vector  are  both 
shown  In  Figure  6.  In  Figure  4  one  can  see  from  the  infrasonic  records  that  no  AIM  were  received  at 
Inuvik  within  twenty  minutes  of  the  zenith  crossing  of  the  supe-sonic  poleward  expansion.  There  is,  how¬ 
ever,  ti  very  large  AIM ‘at  0519  coming  from  a  direction  ■}  "  51°  that.  13  opposite  to  the ;  direction  of  travel 
of  the  poleward  expansion  at  05C0.  The  signj-1  at  C519  was  generated  by  the  equatorward  moving  arc  shown 
in  Ftgme  6  by  the  ASC  pictures  and  by  the  map  in  thf»  lower  pert  of  the  figure.  This  arc  is  moving  at 
1 000  m/sec  from  $  =  45*  in  a  direction  parallel  t.  AH  and  to  the  auroral  velocity.  The  delay  time  of. 
about  seven  minutes  and  the  parallelism  of  the  AIM,  AH  and  the  auroral  velocity  clearly  identify  the 
equatorward  moving  arc  at,  the  source  of  the  0519  AIM.  '  i 

i 

There  was  a  negative  bay  ir  K  associated  with  the  N  to  5  moving  arc  and  a  minus  to  plus  change  ir,  the 

Z  component  at  0512  as  the  arc  crossed  the  zenith.  Thus  the  electrojet  of  this  arc  which  produced  the 

0519  A.IW  was,  directed  westward.  The  second  AIM  shewn  in  Figure  4  at  0532  on  6  December  1969  of  inverted 
phase  is  probably  the  inflected  wave  associated  with  the  direct  AiW  at  0519  (see  Mi  Ison,  1969c). 

These  examp'ea  clearly  show  that  AIM  that  occur  after  poleward  expansions  are  not  poleward  moving 

tow  v.'aves  from  the  poleward  expansions  but:  that  tfiey  are  equatorward  moving  AIM  due  to  arcs  that  have 

reversed  direction  and  are  moving  equatorward  with  supersonic  speed  after  the  poleward  expansion  has 
paaned  by. 


i 
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The  SRI  auroral-radar  a  r.  ud  l  <i  a  at  Hour,  Alaska  of  radar-aurora  motions  north  of  College  have  a  ho-on 
that  tha  velocltl**  of  poleward  expansions  during  the  explosive  or  break  -up  phase  of  auroral  eubut.ormj 
can  be  nauaured  using  the  Range  -  Tine  -  Intensity  recordo .  Froraouw  «nd  Chang  (1971)  nave  found  ..net 
•  van  for  poleward  expansions  with  »peeda  aa  great,  as  2000  ra/aec  no  A1W  are  radiated  In  the  polewnd 
direction.  However,  a  few  of  the  events  studied  with  the  139  MHz  radar  auggeated  tbut  the  radar  may  have 
detected  surorsl-backscsttering  plasma  moving  supersonically  with  the  source  of  AIW  In  an  eoustoniard 
direction. 

Alt)  Cenc rat ion_  kt: ch anls m 

Before  presenting  a  proposed  generation  mechanism  for  AIW,  a  summary  of  AIW  ch/o  ncteri  sties  wi  ll 
first  be  given.  These  following  characteristics  refer  to  an  infrasonlc  signal  from  an  auroral  ate  chat, 
has  passed  over  the  observing  station.  The  AIW  to  be  described  la  thus  a  direct  wave  (Wilson,  1969a)  in 
die  "front  shock"  region  (Wilson,  1969c).  The  AIW  has  not  been  modified  by  propagation  effects  in  the 
sound  channels  or  by  Che  finite  collision  rate  of  the  thermosphere,  or  has  not  suffered  phase  Inversion 
by  reflection  at  the  earth's  surface,  nor  has  it  been  split  Into  multiple  signals  by  multi-path  propaga¬ 
tion  e  f fects . 

1)  A  single  Infrasonlc  wave  packet  (with  a  pressure  vs.  time  profile  characteristic  of  a  shock  ptilso.) 
arrives  at  the  surface  traveling  in  a  direction  parallel  to  the  motion  of  the  overhead  supeiaonic  surer  1 
sourco  with  a  delay  time  of  six  to  eight  minutes  after  zenith  pcssage  of  the  arc. 

2)  The  average  trace  velocity  of  AIW  la  51C  m/sec  giving  an  angle  a  between  Lhe  wave  normal  aid  tha 
horizontal  of  about  50° 

.3)  The  average  period  (duration  of  the  first  pulse)  of  AIW  is  about  20  sac,  giving  a  scale  size,  L  « 

TVa,  of  about  1.2  km  for  the  source  if  the  auroral  velocity  is  mach  two. 

4)  The  phase  of  the  pressure  pulse  can  be  either  positive  or  negative  for  AIW  that  ore  due  to  southward 
moving  supersonic  auroral  arcs  that  contain  a  westward  electrojet. 

5)  Supersonic  auroral  arcs  chat  cause  AIW  have  only  westward  electro je tp  which  are  line  currents  fiov -\np 
along  the  auroral  arcs . 

6)  AT.W  are  only  produced  by  supersonic  weatward  and  eastward  propagating  surges  or  by  equatorvard  moving 
supersonic  westward  electrojet  area.  The  source  motions  are  thus  weatward  in  the  evening,  southward  around 
midnight  or  eastward  in  the  morning. 

/)  No  AIW  have  ever  been  observed  at  Palmer,  College  or  Inuvik  from  poleward  moving  supersonic  westward 
electrojet  auroral  arcs.  Ho  AIW  at  these  stations  nave  ever  been  observed  propagating  south -to-north 
from  any  kind  of  auroral  source. 

2 

A  great  deal  of  observational  evidence  has  ahown  that,  within  the  0.3  dyne/cm  limit  of  detectability 
above  the  wind  nolae  level,  no  AIW  of  the  type  described  above  are  ever  observed  in  association  wrtn  any 
auroral  phenomenon  (when  the  source  is  within  the  field  of  view  of  the  all  “ky  camera)  other  than  oupsr- 
sonlc  motion  of  large  scale  auroral  forms.  Thus  pulsations  in  auroral  lurdroslty,  "flaming  aurora" , 
rapid  motion  of  rays  along  an  arc,  or  the  sudden  appearance  of  on  auroral  form  do  not  produce  detectable 
infraaound.  They  may  however  add  to  the  general  background  infrasonlc  noise  level  observer!  during  an 
AIW  substorm.  Nor  do  the  magnetic  fluctuations  associated  with  auroral  subatorms,  such  as  Pc-’I  mirro- 
pulsations,  sudden  Impulses,  sudden  commencements  or  giant  pulsations,  produce  detectable  inlrasound. 

The.  electrojet  magnetic  perturbation  associated  with  area  can  be  re  luted  to  AIW  only  because  of  the  Jaters) 
supersonic  motion  of  the  electrojets.  Thus  there  is  no  detectable  ir.frasoui.d  radiated  by  '.he  "turning 
on  and  off"  of  a  stationary  electrojet  arc.  However  traveling  ionospheric  disturbances  are  thought  to 
be  generated  by  such  a  mechanism  (Blumen  and  Hendl,  1969;  Chlmonau  and  Hines,  1970), 


The  mechanism  that  has  the  required  Intrinsic  asymmetry  with  respect  to  direction  of  .notion  is  a 
combination  of  Lorentz  Force  coupling  (as  proposed  by  Chimonua  and  Peltier  (.19/0)  and  called  electro- 
dynamic  drift  by  Martyn  (1953)),  and  an  ionlzatioa-collecclon  process  suggested  by  Piddlngton  (1963,  1964) 
to  explain  the  source  of  sporadic  E  Ionization  and  ionospheric  winds  and  wavA  Tbit)  generation  me. .nun lam, 
ns  explained  below,  is  consistent  with  the  observed  AIW  morphology. 

In  the  polar  Ionosphere  the  neutral  auroral  Ionization  drlltu  under  the  lnfl aeace  cf  horizontal 
electric  fields  and  the  vertical  geomagnetic  fiej.d.  In  Figure  7  Che  electron  velocity  V  ,  the  lor. 

flocity  V  and  the  neutral  Ionization  velocity  V  are  shewn  relative  to  the  horizontal  ei.eotr.lc  field 
and  the  vertical  magnetic  field  3  directed  into  the  diagram.  The  three  velocities  are  given  below 
(Kato,  1965;  Martyn,  1953). 

^  -  P  ,  2  -  H  .  3x2  (.1) 

e.i  e,i  e,i 

if _ J** _ 

n  ne(mgvc  +  m^)  <2, 

-+■  hxE  ± 

where  J  ™  o^Ex  +  "y  “g—  +  (3) 

The  angles  in  Figure  14  are  given  by 
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fUc  electrons  and  pcK.lVrve  to  is  hov-s  tho  same  component  of  velocity  V  in  a  direction  perpendicular 
to  the  tt/rent  vector  J  and,  by  collisions,  they  exert  a  body  force,  the  lo?cntz  Force,  on  the  neutral 
giu  (Martyn,  19b31 .  foe  component  of  this  neutral  ionization  tt^at  drifts  in  the  direction  of  ExB  is 
called  the  Hall  drift,  while  the  component  in  the  direction  of  E  is  called  the  Pedersen  drift.  Pldding- 
ton  (1963)  has  suggested  that  the  southward  Pedersen  drift  vl  11  et-xrt  n  frictional  force  on  the  neutral 
at;  ra  so  that  "a  wal)  of  neutral  gas  at  levels  v  100  kir  upward  will  be  built  up  and  pushed  south  with 
speeds  as  high  a?  a  few  hundred  meters  per  second."  It  is  shown  be/o.1  that  then  the  E  region  neutral  gas 
velocity  (driven  by  eollts'i m  with  rhe  positive  i oou  executing  eleccrc dynamic  drlft)  becomes  as  large 
as  the  supersonic  velocity  of  translation  of  an  auroral  elaccrojet;  and  is  in  the  same  direction,  then  a 
shook  wave  is  formed  which  propagates  to  the  ground  as  at  AIM  bov  wave. 

The  problem  can  be  treated  from  the  point  of  viev  of  ion  drift  or  ion  current  with  the  same  result. 
Physically  the  Ions  told  electrons  are  muting  under  the  influence  of  crossed  elecctic  and  magnetic  fields. 
However,  only  the  ions  are  massive  onough  to  transfer  sigivlftcant  momentum  to  the  neutral  atoms.  Whether 
one  describes  the  ion  motions  as  an  elect rodynamic  drift  or  as  a  Pedersen  or  Hall  current  resulting  in  a 
Lorentz  Force,  we  are  still  dealing  with  the  same  pbyslc.,1  process,  namely  collisions  between  moving 
positive  J.ono  and  neutral  store . 

The  description  of  the  generation  mechanism  in  terms  of  electrodynumic  drift  rather  than  in  terms 
of  the  nsultlng  Loretifz  V’orce  la  useful  in  chat  it  relates  the  process  to  the  electric  fields  In  the 
auroral  arcs  which  have  ot  on  measured  iK?.liey,  fct  al.,  1971;  Hescott,  et  al.,  1969).  The  current  J  in 
the  La  rants  Force  description  of  the  coupling  has  not  been  measured  directly  but  has  only  been  calculated 
from  an  assumed  electro  jet  configuration.  Thus  knowing  the  relationship  between  the  AIW  and  electric 
fields  In  the  arcs  one  can  mare  readily  compare  the  A1W  morphology  as  observed  to  that  predicted  from  the 
mu  dr.  I  and  the  known  morphology  of  the  ionospheric  electric  fields  at  time  of  substorras. 

In  the  shock  wive  model  for  the  formation  of  an  AIW,  Wilson  (1967)  suggested  that  is  a  pressure 
pulse  that  wan  of  constant  phase  In  the  frame  of  reference  of  the  moving  auroral  arc  were  generated  by  an 
w'-'oecifled  mechanism,  then  by  superposition  of  wave  fronts  a  bow  wave  would  be  built  up  and  would  move 
with  the  aurora  at  the  toach  angle.  In  the  first  three  sections  of  this  paper  we  have  seen  that  the  basic 
process  which  generates  the  pressure  pulse  in  the  moving  aurora  Is  aoyrametrlc  with  respect  to  north-south 
motion. 

it  electrodynamic  drift  of  the  neutral  ionization  is  taken  as  the  basic  process  in  the  aurora  thaC 
transfers  enmenrum  to  the  neutral  ges  by  collisions,  then  the  north-south  asymr.etry  can  be  explained  by 
referring  to  Figure  8.  Crors-aactlcn?  are  given  in  Figure  8  of  the  E  region  ionosphere  translation  in  an 
equatorvard  direction  (Case  I)  and  in  a  poleward  direction  (Cassj  It).  The  precipitation  region  of  the 
primary  auroral  particles  ir;  moving  with  a  horizontal  velocity  V  that  is  greater  than  the  local  speed  of 
sound. 

The  vertical  slabs  of  AX,  and  4X,  of  neutral  E  region  ionization  are  at  rest  at  t  “  0.  It  is  assumed 
that  the  neutral  Ionization  drift  velocity,  V  f  the  Pedersen  current  and  the  Hall  current  are  all  zero  at 
t  •  0.  A  southward  horizontal,  electric  field  E  exlot?  iu  the  region  of  the  arc  as  shown  in  Figure  8 
dl [.acted  toward  the  left. 

As  the  high  conductivity  region  of  the  aurora',  arc  (that  xs  created  by  the  primary  auroral  particles) 
sweeps  through  the  E  region  ior.nphere ,  the  cutrenf.s  in  the  slabs  of  £X^,  AX^  of  initially  stationary 
ionosphere  Instance  with  time  as: 


(o„2  r  O^BxJ/B)  (1 


<Tt/T) 


where  o„  and  are  the  "direct"  and  "transverse"  conductivities  respectively  and  x  if  the  collision  In¬ 
terval  between  current  carriers  and  neutrals  (Ferraro  and  Plumpton,  1966).  The  current  is  given  by; 


J  «  n  e(V  -  V  )  (9) 

etc 

-V  “*  t  /t 

bo  the  neutral,  limitation  velocity  V  also  increase!  with  time  as  (l-e  ). 

It  Is  further  assumed  that  the  velocity  reached  by  the  neutral  ionization  V  at  a  time  T  "  L/V^, 
(where  L  Is  the  wldt^h  of  the  aurora),  arc),  at  the  trailing  edge  of  the  arc,  i.e.,rl»U  X  ■>  L,  is  greater 
than  the  arc  speed  V  .  Thus  V  >  V  at  X  «  h  or  T  »  1./ .  This  is  shot^n  In  the  graph  of  V  vs.  X  at  the 
Lotion,  of  Figure  ij,  ftaoe  1,  rftus  the"  neutral  ionization  drift  velocity  V  increases  from  zero  to  V  as 


LotUotu  of  •'Jr  Uaoe  I.  Tnua  the  neutral  Ionization  drift  velocity  V  increases  from  zero  to  V  as 

**  n  -*  n  A 

thr  ele.frcjct.  e.rc  sweeps  through  any  stationary  slab  /..X  of  the  E  region  ionosphere.  For  t;  >  T  V  returns 

to  zero.  Tne  c^art.  shape  of  the  curve  V  (t)  in  Figure  8^is  not  Important  for  the  model.  It  in  on?y 

necessary  that  V  Increare  mor.otonically  t rom  t  «  0  to  I  and  then  return  to  zero. 

'  n 

In  Figure  8  far  Case  I  where  V ,  is  pstallel  to  V  the  velocity  of  the-  neutral  ionization  V  has 
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rc«ch«d  rh«  vmlocity  V  ,  ir  slab  AIL  has  reached  the  velocity  V  -  after  the  arc  has  gone  a  distance 
X  past  the  slab,  At  Win  tine  (t  *  X^/V  )  the  neutral  lonlratfon  in  alab  AX,  begins  to  travel  with  the 
auroral  arc  at  the  i  peed  V  of  the  arc.  Now  at  the  neutral  ionisation  velocity  in  slab  AX  la  greater 
than  V  1  and  thus  greater  than  v,.  Therefore  the  neutral  ionization  in  slab  AX,  at  X  tend  to  over-take 
the  loiivaation  In  AX.  at  X  .  Thus  all  the  neutral  Ionization  for  L  >  X  >  X  moycs  toward  the  alab  AX 
to  fura  a  wall  of  neutral  auroral  ionization  that  moves  with  the  aurora1  speed  in  a  menney  first  pre¬ 
dicted  by  Piddlnuton  (1963).  This  buildup  of  a  wall  of  auroral  ionization  only  occurs  when  V  ia  tnoylng 
in  a  direction  that  has  a  positive  component  which  lj  parallel  to  the  electrodynamic  drift  velocity  V^. 

-t-  -► 

Keferri-ig  again  to  Figure  8,  consider  Case  II  whgn  V,  is  antiparallel  to  V  .  This  corresponds  to  a 
poleward  expansion  of  westward  electrojet  arc  where  E  is  "directed  southward.  ¥he  neutral  ionisation 
drift  velocity  V  ^  In  slab  AX,  at  a  distance  X  from  the  leading  edge  of  the  arc  haj  a  veb  city  V  ^  ■  -V^ 
and  thus  tends  to  leave  the  region  of  the  supersonic  arc  with  a  Relative  speed  of  2V  .  Now  the  neutral 
lonlzatl<  a  «t  X,  In  slab  AX„  has  a  drift  velocity  V  _  >  V  ,  -  -  V  .  Thus  tf^e  neutral  auroral  ionization 
in  s.atj  AX„  te  a  to  awsy  from  that  In  a.ab  AXlj*  with  a  relative  speed  V  -  V  .  Thus  in  Case  II 

'Mere  V  is  antiparallel  to  the  neutral  auroral  ionization  tends  to  be  decreased1  in  density  within  the 
ifrc  instead  of  forming  a  wall  of  increasing  ionization  density  that  traveiB  with  the  arc  as  in  Case  I  where 

V  and  V  axe  narillel. 

A  n 

In  Case  II  all  the  Ionization  within  the  arc  of  thickness  L  is  collected  at  the  rear  (X  -  L)  of  the 
arc  whereas  in  Case  I  all  the  Ionization  within  the  path  of  the  arc  that  may  be  100L  is  swept  up. 

Barium  release  measurements  in  the  ionosphere  (Wescott,  et^al.  ,  1970)  show  that  is  not  always 
del  mined  by  the  direction  of  the  local  electric  field  through  ExB  drifts.  Magnetospheric  convection  is 
closely  tyiated  to  the  auroral  ^u^storm  convection  In  the  E-W  and  W-E  directions  (Wescott  et  al.,  1970), 
and  thus  is  coupled  to  E  by  ExB  or  Hall  drifts.  Hcwever,  the  electric  field  measurements  by  Ba  cloud 
drifts  show  that  ...  "the  poleward  motion  of  an  auroral  arc  does  not  Imply  any  direct  connection  with  the 
electric  field  or  outward  plasma  drift  in  the  magr.etospphere ."  (Wescott  et  al.,  1970).  The  Ba  release 
measurements  shew  that  the  E  field  direction  is  southward  for  westward  electrojets  and  northward  for 
eastward  electrojets.  The  electrojeta  are  thus  ball  currents.  The  total^horizontal  magnetic  perturbation 
AH  due  to  the  Hall  current  electrojeta  will  thus  be  in  the  direction  of  E,  the  local  electric  field  in  the 
lower  ionosphere. 

Thus  one  can  infer  the  direction  of  E  from  the  direction  of  AH  for  an  auroral  electrojet  arc  because 
Ba  release  measurements  have  shown  that  the  electrojeta  are  Hall  currents  in  a  direction  BxE,  The  ex- 

rples  given  of  poleward  expansions  show  that  the  auroral  activity  V  is  decoupled  from  the^electrjc  field 
for  northward  moving  supersonic  arcs;  while  the  A.IW  example  given  in  Figure  1  shows  that  VA  and  E  are 
decoupled  for  this  equatorvaii  moving  supersonic  at c.  Kelley  et  al.  (1971)  using  balloon-measured  elec¬ 
tric  field  data  and  all-sky  auroral  pictures  have  shown  that,  "the  poleward  surge  characteristic  of  the 
auroral  explosive  phase  is  not  associated  with  a  large  eastward  electric  field  and  therefore  is  not 
associated  with  an  IkB/B  dilft^of  the  auroral  primaries."  There fore^Cases  I  and  IX  illustrated  in  Fig¬ 
ure  8  do  actually  occur,  i.e.,  V  can  be  parallel  or  antiparallel  to  E  because  the  primary  auroral  elec¬ 
tron  stream  of  precipitating  particles  is  decoupled  from  ExB  in  the  lower  ionosphere. 

When  V  la  parallel  to  V  a  wall  of  neutral  auroral  ionization  Is  built  up  that  sweeps  along  with 
the  supersonic  arc.  The  positive  ions  in  this  wall  of  neutral  Ionization  transfer  momentum  to  the  neu¬ 
tral  gas  by  collisions.  The  frictional  force  between  the  positive  Ions  and  the  neutral  gas  depends  on  the 
difference  In  the  two  velocities  in  such  a  way  that  neutral  gas  velocity  U  changes  with  time  as  (Dougherty, 
1961;  Rees,  1971): 


iU  _  V’l  v  (V  -  U)  CO) 

3t  n  ni 
n  n 


Thus  the  neutral  gas  velocity  would  tend  to  with  a  difference  decreasing  with  time  as  exp(-t/r^),  where 
t  is  a  time  scale  for  neutrals  to  reach  an  equilibrium  velocity  under  the  influence  of  ion-drag,  and 
g?ven  by 


T 
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n  m 
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(Dougherty,  1961).  Thus  zs  the  wall  of  neutrai  auroral  ionization  sweeps  along  the  arc  at  a  speed  V 
collisions  with  the  neutral  gas  produces  a  pressure  pulse  that,  neglectir. g  viscous  terms,  travels  wi^ 
the  arc  to  produce  the  shock  wave  as  described  by  Wilson  (1967). 


The  effectiveness  of  the  mechanism  described  above  is  illustrated  in  Figure  8  lief  in  the  fact  that 
there  is  a  great  increase  in  the  number  density  n  of  positive  ions  within  the  wall  of  auroral  ionization 
traveling  with  the  auroral  arc.  In  addition  to  the  increase  in  ionization  density  due  to  the  traveling 
arc  sweeping-up  the  auroral  ionization  as  described  in  Figure  8,  Piddinvton  (196 3) and  Martyn  (1953)  have 
shewn  that  ion  drifts  from  higher  to  lower  latitudes  have  a  vertically  cownward  drift  which  further  in¬ 
creases  the  density  of  the  wall  of  ionization  built  up  in  a  supersonic  auroral  arc  moving  parallel  to  V^. 
An  ion  drift  from  lower  to  higher  latitudes  has  a  vertically  upward  drift  which  tends  to  decrease  the  E 
region  auroral  ionization. 

If  the  auroral  velocity  VA  is  less  than  the  ^peed  of  sound,  then  the  build-up  of  a  wall  of  neutral 
Ionization  will  still  take  place  as  Long  as  V  >  V^,  however  the  arc  moving  at  subsonic  speed  will  not 
produce  an  infrasonic  shock  wave. 


It  is  possible  to  mike  an  estimate  of  the  ion  number  density  in  the  "wall"  of  noutral  ionization  in 
a  supersonic  auroral  arc  that  produces  an  AIW.  This  is  done  by:  first,  calculating  the  neutral  gas  velo¬ 
city  perturbation  u  in  a  slab  of  gas  dx  at  height  z  in  the  elect ro^et  arc  that  will  result  in  a  pressure 
pu'se  p(z)  which  when  traveling  with  the  arc  at  the  auroral  speed  will  produce  the  AIW  observed  at 
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the  ground  ta  a  perturbation  p(o) .  Next  the  magnitude  of  the  ioi'-drag  time  conatant  r  that  Is  nuceaaary 

in  order  to  produce  the  neutral  gaa  velocity  perturbation  u  in  the  slab  dx  is  calcu  latBd  for  an  Inter¬ 
action-time  T  -  L/V  during  which  the  slab  of  neutral  gaa  in  dx  ia  accelerated  by  Ion-drag.  This  calcu¬ 
lation  of  t  la  done  by  use  of  the  solution  for  eqa.  (10)  namely 


when  t  is  known  the  number  density  of  ions  n.  can  bo  found  from  r  «  n  /n,v,, 

n  i  n  n  i  i 

Neglecting  the  enhancement  of  the  AJW  pressure  pulse  that  results  from  superposition  associated  with 
the  auperoonlc  motion  of  the  source  and  its  associated  bow-wave  effect,  the  pressure  perturbation  p(z)  at 
a  height  r  can  be  approximated  by  assuming  a  plane  wave.  In  this. case  there  is  an  exponential  decrease 
In  the  pressure  perturbation  with  height  given  by  p(z)  -  p(o)  e  where  H  is  the  scale  height  of  the 

atmosphere  and  p(o)  is  the  observed  surface  perturbation.  For  plane  wows  the  relation  between  pressure 
perturbation  and  particle  velocity  is  given  by  u  ■  p/PjC  where  p,  and  c  are  the  ambient  gas  density  and 
speed  of.  sound  respectively.  For  an  AIW  of  5  dynes/cm  amplitude  at  the  ground,  values  of  p„  ard  c  as 
shown  in  Table  1,  and  for  a  scale  height  H  of  8  km  the  values  of  u  for  three  different  heights  of  the 
sources  are  as  follows:  z  «  100  km  u  -  675  cm/sec;  z  -  120  km  u  ■  2380  cm/sec;  z  -  160  km  u  ■  6380 
cm/sec. 


From  the  model  of  the  Ionization-collection  process  described  In  Figure  8  we  see  that  the  ion  velocity 
^n  the  wall  of  neutral  ionization  is  etpyal  to  V  .  Setting  V  in  equation  (11)  equal  to  Lhe  auroral  speed 
V  and  using  the  above  values  of  u  for  U  the  ion-drag  time  constant  t  and  ior.  density  n  can  now  be  cal¬ 
culated  for  various  widths  L  of  the  auroral  arc.  0 


The  expression  for  the  ion  density  can  be  written  as: 


n 
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n  v. 
n  A 


£(?).£.  M  1 

Po  c  VA  / 


(12) 


In  Table  I  the  values  of  and  n  are  given  for  the  case  in  which  V  -  c  as  the  lower 
auroral  speed  that  will  result  in  AIW  production.  The  width  of  the  arc  L  Varies  from  0.5  to 
Table  I.  The  values  of  ri  ,  v  ,  c  and  p„  used  in  the  evaluation  of  n  from  equation  (12)  are 
in  Table  1  as  a  function  of  Z. 


liratt  of 
10  km  in 
also  shown 


From  Table  I  it  can  be  seen  that  the  more  narrow  the  arc  width  L  the  shorter  T^may  be  in  order  to 
accelerate  the  neutral  gas  to  the  velocity  required  to  produce  the  observed  5  dyne/cra  pressure  wave  at 
the  ground.  To  decrease  the  ion-drag  time  constant  the  ion  density  must  increase  in  the  arc. 

6  3  8 

Ttje  values  of  n  in  Table  1  range  from  1.6  x  10  lons/cm  for  L  -  10  km  and  Z  «  100  km  to  1.8  x  10 

lons/cm  for  L  -  0.5  Era  and  Z  «  160  km.  The  rapid  decrease  in  collision  frequency  with  increasing 
height  results  in  the  increase  in  the  required  n^  with  increasing  height  of  the  source  for  the  same  AIW 
strength  signal  to  be  observed  at  the  ground. 


The  average  characteristics  of  AIW  can  be  used  to  identify  the  height  region  and  average  width  L  of 

the  arc  that  are  most  reasonable  in  order  to  choose  the  most  probable  range  of  n  from  Table  I.  For  the 

simple  shock  wave  model  the  auroral  AIW  source  speed  Is  equal  to  the  trace  velocity  of  the  AIW  observed 
at  the  ground.  The  average  AIW  trace  velocity  is  about  510  ro/sec.  If  the  rise-time  of  the  AIW  pressure 
pulse  observed  at  the  ground  is  approximately  the  same  as  the  rise-time  at  the  source  of  the  neutral  gas 
velocity  increase  from  c  to  u,  then  the  interaction  time  T  -  L/V  can  be  set  equal  to  the  AIW  rise-time. 

An  average  value  of  the  AIW  rise-time  observed  at  College  would  De  from  5  to  30  seconds.  Thus  I.  would 
vary  from  2.5  to  15  km  for  -  510  m/sec.  The  average  delay  time  for  AIW  following  zenith  passage  of  a 
supersonic  auroral  arc  indicates  that  the  height  of  the  source  is  between  100-120  km. 

6  7  3 

Thus  a  reasonable  range  in  the  n^  from  Table  I  would  be  from  10  to  2  x  10  ions/cra  for  supersonic 

auroral  arc  sources  of  AIW.  These  above  values  of  ion  density  refer  to  the  density  In  the  wall  of  Ioni¬ 

zation  moving  with  the  arc  due  to  the  ionization-collection  process  and  not  to  the  basic  auroral  ioniza¬ 
tion  due  to  ionization  from  the  primary  auroral  particles.  Recombination  processes  will  of  course  limit 
the  ion  density  that  can  be  reached  in  the  Ionization-collection  process. 

5  3 

If  the  auroral  ionization  at  the  120  km  level  has  an  ambient  level  of  m  2  x  10  lons/cm  (Francis 
and  Karplus,  1960)  and  the  ionization-collection  process  is  taken  to  be  say  502  efficient,  then  for  a 
westward  electrojet  arc  1  km  in  width  moving  southward  for  ^ay  200  km  the  increase  in  the  neutral  ioni¬ 
zation  density  will  be  hundred  fold  to  2  x  10/  particles/cm  .  Unless  there  is  an  increase  in  the  ion 

density  within  moving  auroral  arcs  to  the  values  Indicated  in  Table  I  for  Z  ■  100  to  120  km  then  the  time 

scale  i  for  transferring  momentum  to  the  neutral  gas  by  ion-drag  will  be  too  long  to  produce  the  observed 
infra8onlc  bew  waves  In  the  10  to  100  sec  period  pass  band. 

Multiple  frequency  observations  at  69. 7g  163.5  and  226  MHz  of  auroral  backscatter  (Flood,  1965)  indi¬ 
cate  the  electron  densities  as  high  aa  2  x  10  electrons  pei;  cubic  cm  are  present  in  the  auroral  E  region 

at  least  part  of  the  time  and  densities  in  excoss  of  2  x  10  are  fairly  common. 


Recent  observations  at  Chatanika,  Alaska  (near  Fairbanks)  by  the  Stanford  Research  Institute  Thomson 
scatter  radar  have  provided  direct  measurements  of  electron  density  in  auroral  electrojet  arcs.  On  9 
September  1971  at  0912  U.T.  electron  densities  of  10  electrons/cm  were  measured  in  an  auroral  arc  in  the 
E  region  by  the  Thomson  scatter  radar  facility  (SRI,  private  communication). 


The  north-south  asymmetry  In  the  production  of  AIW  by  supersonic  auroral  forms  is  Intrinsic  in  the 
elect  rodynami^  drift-shock  wave  model  described  above.  Thua^V^  must  have  a  positive  component  in^the 
direction  of  V_.  The  mechanism  will  be  most  effective  when  VA  and  are  parallel.  ”* ~~A  ”  -* 
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antlparallal ,  no  wall  of  ionization  will  be  built  up  within  the  moving  aurora  and  thus  no  large  pressure 
pulas  will  travel  along  with  the  arc  so  bow  waves  can  not  be  produced. 

The  magnitude  and  direction  of  ^  from  eqa.  (2)  and  (5)  depend  on  the  electron  and  Ion  gyromagnetlc. 
and  colllaion  frequencies  w  snd  v  ^  which  undergo  variations  with  height.  The  strength  and  direction 
of  the  current  flow  in  the  SlectrojuSl  for  a  given  southward  electric  field,  varies  with  the  Pedersen 
conductivity  o  ,  the  Hall  conductivity  o^  and  the  parallel  conductivity  Theoe  conductivities  also 

vary  with  heignt  In  the  ionosphere.  ' 

For  a  given  model  of  the  ionosphere  parameters,  n  ,  co  ^  and  v  (Francis  and  Karplus,  1960),  the 
variation  with  height  of  the  directions  and  magnitudes  Sf  tfii  current ’density  J  and  the  neutral  ionization 
elect rjdynamlc.  drift  velocity  V  are  given  In  Figure  9  looking  down  on  the  ionosphere.  The  electrodynamic 
drift  V  con8iota  of  Ped8rsen  d9lft  (parallel  to  E)_^around  110  km,  changing  in  direction  with  increasing 
height  to  the  full  Hall  drift  around  180  km  in  the  ExB  direction  as  shown  in  Figure  9.  The  Pederson  drift 

attains  a  maximum  value  of  V  -  0.5  E/B  at  130  km  while  the  Hall  drift  above  180  km  haa  a  constant,  value 

of  V  •  E/B  (Piddlngton,  1963).  In  a  study  of  ionospheric  winds  due  to  ion-drag  in  the  auroral  zone  using 
rocket-bome^chemical  releases,  Rees  (1971)  has  found  that  during  times  of  southward  directed  electric 
fields  when  AH  is  negative  (see  Rees,  1971,  Figure  l)  that  the  neutral  wind  is  toward  the  southeast  around 
100  km  (corresponding  to  Pedersen  drag)  and  toward  the  east  above  120  km  (corresponding  to  Hall  drag). 

This  rotation  in  the  direction  of  the  neutral  wind  from  south  to  east  with  an  increase  in  height  Is  a 

direct  effect  of  the  rotation  of  the  direction  of  the  neutral  ionization  drift  V  with  height  as  shown  in 

Figure  9.  n 

Above  90  km  =  90°  so  in  Figure  9  gives  the  direction  <p  «  tt/2  -  m  +  ci^  (see  Figuri|  7)  of  the 

positive  ion  drift.6  Xr.  ojjder  for  the  electrodynamic  drift-shock  wave  model  So  beeffective ,  should  be 

more  or  less  parallel  to  V  .  In  addition  to  this  the  ion  density  as  indicated  by  the  calculated  values 
in  Table  I  must  be  obtainable  by  the  ionization-collection  process  as  limited  by  recombination  effects. 

Thus  at  heights  above  140  km  the  ion  density  as  calculated  for  AIW  production  by  equation  (12)  in  Table 

I  are  too  large  t(£  be  obtained  because  of  the  recombination  limitation.  Thus  in  Figure  9  even  though 
the  magnitude  of  V  is  largest  at  200  km  the  necessary  ion  density  n  for  ion-drag  to  be  effective  at 

these  heights  in  tRe  interaction-time  that  is  available  is  much  too  large  to  be  tenable.  Thus  the  electro¬ 

dynamic  drift  will  not  produce  a  pressure  pulse  within  a  supersonic  arc  at  the  greater  heights.  The  opti¬ 
mum  level  is  probably  around  100-130  km  fur  large  V  and  for  the  •w-'-n  effective  coupling  of  the  neutral 
ionization  drift  with  the  neutral  gas  to  produce  Alft  in  a  supersonic  auroral  arc. 

An  assumption  in  the  model  was  that  V  >  V  .  In  units  of  E/B  the  maximum  value  of  the  Pedersen 
drift  is  0.5  E/B  (Martyn,  1953;  Piddlngton,  J.963).  For  an  auroral  speed  of  “  600  m/sec  and  for  B  ” 

0.543  gauss  at  100  km  above  College,  the  electric  field  would  have  to  be  65  mv/m  to  mak.  V  »  V  .  Barium 

vapor  measurements  of  electric  fields  in  the  vicinity  cf  auroral  forms  by  Wescott  et  at.,  ^19697  have 
shown  that  electric  £ieldj  from  10  to  130  mv/m  directed  southward  often  occur.  Thus  it  is  quite  reason¬ 
able  to  assume  that  V  >  V  in  some  auroral  arcs  translating  at  mach  2  .  From  the  barium  release  measure¬ 
ments  by  Wesc-tt  et  a!.,  (1970),  the  velocity  of  the  auroral  zone  Ionosphere  has  often  been  found  to  be 
supersonic  with  respect  to  the  neutral  ionosphere. 

It  is  necessary  at  this  point  to  re.lat^  the  known  morphology  of  AIW  to  the  elect rodynamic.  drift-shock 
wave  model  by  discussing  the  orientation  of  V  as  shown  in  Figure  9  as  a  function  of  local  time  along  the 
auroral  oval.  Because  of  the  increase  with  height  of  t  ,  the  time  scale  for  effective  ion-drag,  the  maxi¬ 
mum  elect  rodynamic  drifC  coupling  will  occur  when  the  aurora  Js  moving  from  a  direction  about  30°  -  40° 
east  of  the  electric  field  corresponding  to  the  direction  of  V  for  120  to  130  km  height.  Extensive 
measurements  of  electric  fields  by  barium  va;  or  releases  (Wescott  et  al .  ,  1969;  Foppl  et  al.,  1968;  Rees, 
1971)  show  that  the  electrojets  are  Hall  currents  and  that  the  electric  fields  are  perpendicular  to  the. 
electrojet  Hall  currents,  poleward  for  evening  conditions  (AH  positive)  for  the  eastward  electrojet  and 
equatorward  for  morning  conditions  (AH  negative)  of  a  westward  electrojet. 

Mozer  and  Manka  (1971)  have  shown  using  balloon-borne  electric  field  measurements  from  L  -  4  to  23 
that  an  equatorward  component  of  electric,  field  that  develops  at  the  onset  of  a  negative  bay  drives  Hall 
currento  that  are  responsible  for  the  surface  magnetic  perturbation  ascribed  to  the  auroral  electrojet. 

-► 

For  westward  electrojet  conditions  where  E  Is  southward,  auroral  motions  that  are  toward  the  south¬ 
east  will  produce  the  largest  AIW.  Tlje  electro dynamic  dr^ft  coupling  with  supersonic  motion  will  vary 
£0  cos 6  where  0  is  the  angle  between  and  V^.  Because  V  in  Figure  9  makes  an  angle  ot  about  30°  with 
E,  which  is  southward,  themost  effective  directions  for  AI$  to  be.  radiated  by  translating  westward  elec¬ 
trojets  will  be  from  $  *  270°  to  <J>  -  30°  inclusive  for  9  £  60".  By  referring  to  Figure  2  or  to  the  AIW 
morphology  described  by  Wilson  (1969a)  for  College,  on  can  see  that  there  are  many  AIW  in  the  midnight 
and  morning  sectors  from  -  270°  to  $  ■  30°.  The  maximum  frequency  of  occurrent  of  AIW  after  local  mid¬ 
night  agrees  with  the  fact  that  southward  and  eastward  motions  of  the  westward  electrojet  Jhat  preyail  at 
this  time  are  close  to  parallel  to  as  shown  in  Figure  9.  Thus  the  maximum  coupling  of  V  with  in 
the  morning  sector  produces  the  large  number  of  AIW  seen  in  Figure  2  from  directions  that  are  predominantly 
west  of  north. 

For  eastward  electrojets  the  V  diagram  in  Figure  9  must  be  rotated  180°  until  £  points  up  or  north¬ 
ward.  The  Hall  current  will  be  eastward  and  the  Pedersen  drift  poleward.  If  there  were  supersonic  pole¬ 
ward  motions  of  eastward  electrojet  arcs,  then  AIW  would  be  expected  from  these  arcs.  However,  no  poleward 
AIW  are  observed  in  the  evening  sector  or  at  any  other  time.  Westward  propagating  surges  are  known  to  be 
strong  sources  of  AIW  (Wilson,  1969c).  For  the  model  to  be  effective,  V  and  V  must  have  an  angle  between 
them  less  than,  say  60°.  Westward  propagating  surges  carry  the  region  of  negat¥ve  bay  westward  with  them. 
They  represent  the  westward  end  of  the  westward  electrojet  region.  In  the  transition  region  between  east¬ 
ward  electrojets  with  poleward  electric  fields  and  westward  electrojets  with  equatorward  electric  fields, 
the  electric  ni^st  rotate  from  north  to  south.  The  strong  AIW  produced  by  wes tward^propagating  surges 
suggests  that  E  rotates  counterclockwise^ looking  down  on  the  ionosphere)  so  that  E  is  directed  to  the 
west  at  the  head  of  the  surge.  Thus  if  E  is  westward  then  V  max.  will  be  directed  from  $  n  40°  so  that 
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for  V  moving  westward  and  parallel  to  the  auroral  oval  efficient  coupling  between  V  and  V  will  take 
place  and  produce  large  A1W.  There  is  a  very  large  maximum  in  the  number  of  AIW  from  41  -  40"  duo  to  west¬ 
ward  propagating  eurges  at  Collage  shown  in  Figure  1  of  Wilson  (1969c)  corresponding  to  the  case  -./here  E 
is  probably  westward. 

A  large  body  of  evidence  from  balloon-boma  electric  field  measurements  (Moser  and  Manka,  1971; 
Kelley  et  al . ,  1971;  Moser,  1971)  snews  that  the  morphology  of  the  Ionospheric,  electric  field  during  sub- 
storms  cait  be  described  as  follows;  1)  the  east-vest  component  of  the  ionospheric  electric  field  becomes 
large  and  westward  about  an  hour  before  the  explosive  phase  of  the  substorm  and  remains  westward  through¬ 
out  tha  substorm;  2)  the  north -south  component  of  the  ionospheric  electric  field  becomes  large  and  south¬ 
ward  at  the  onset  of  the  explosive  phase  of  the  substorm  and  remains  so  througnout  the  substorm.  Moser 
(1971)  has  stated  that  in  a  total  of  19  balloon  measurennnts  made  during  aubstorma  the  east-west  component 
of  electric  field  was  wesLward  at  break-up  In  every  case.  Thus  the  AIW  generated  by  westward  propagating 
eurges  at  break-up  during  the  explosive  surge  of  substorms  are  consistent  with  the  needs  of  the  mooel  and 
the  measured  electric,  fields. 


The  lack  of  AIW  from  the  south  corresponds  to  the  fact  that  when  V  has  a  northward  component  during 
times  of  eastward  electrojets  there  are  no  supersonic  poletjard  motions  0?  these  arcs,  and  when  there  are 
poleward  motions  of  westward  electrojets  the  direction  of  V  ir.  to  the  southeast.  Supersonic  auroral  arc 
motions  are  associated  basically  with  westward  electroje  ts  ."thus  one  would  expect,  given  the  above  model, 
that  most  AIW  would  be  observed  in  the  morning  sector  when  V  is  parallel  to  V  for  a  southward  electric 
field,  as  Is  the  case.  n 

In  summary,  it  i9  an  observed  fact  that  an  lnfrasonic  bow  wave  is  produced  if  the  primary  auroral 
particle  stream  sweeps  laterally  through  the  neutral  gas  at  supersonic  speed  in  an  equatorward  direction. 
The  period  of  the  AIW  is  observed  to  be  related  to  the  width  L  and  speed  of  the  arc  by  T  ■  L/V  .  Be- 
cause  of  the  aoynmetry  in  the  generation  of  AIW  by  equatorward  or  poleward  moving  arcs,  we  know  that  the 
basic  source  of  the  traveling  pressure  pulse  Is  not  a  mass  or  heat  source.  Tile  source  is  thus  a  momentum 
source  that  is  electromagnetic  in  origin  ar.d  therefore  it  can  only  be  collisions  of  positive  ions  with 
the  neutral  gas  or  ion-drag  that  transfers  momentum  to  the  neutral  gan  lo  produce  an  lnfrasonic  wave. 

Thus;  (1)  Lorentz  force  coupling  transfers  momentum  from  the  electrojtt  positive  ions  to  the  neutral  gas. 
i^2)  An  ionizatlon-collectiog  process ^increases  the  ion  density  in  arcs  that  are  translating  parallel  to 
V  to  a  level  around  5  x  10°  lons/cnt  where  Lorentz  force  coupling  can  become  effective.  (3)  The  super¬ 
sonic  motion  of  the  source  region  determines  the  bow  wave  geometry  of  the  auroral  lnfrasonic  waves  them¬ 
selves  . 


Table  I 

Ion  density  and  ion-drag  time  constant  for  various 
values  of  height  Z  and  auroral  arc  width  L 


n  11/  cm 
v"  1/sec 

13 

1. 1x10  ^ 
5.37x10 

Z-100 

Z-^O 
6.2x10  - 
3.12x10 

Z-140 

1.45x10 

7.44x10 

c  cm/se^ 
p„gm/ cm 

2.9x10 
4.9  7x10“ 

10 

3-7x10 

2.44x10“ 

11 

5.37x10  ,, 
3.39x10 

L  tkm) 

1  (sec) 
n 

n^f/cm8 

rn  (sec) 

n^  11/ 

~  (sec) 
n 

0.5 

74 

2. 8x10 l 

20 

9.7x10^ 

11 

1 

148 

1.4x10' 

41 

4.9x107 

22 

2 

290 

6.9x10° 

82 

2. 4x10 

44 

10 

x482 

1.4x10 

409 

4.8x10° 

217 

n  11/ cm 

1.8xl08 
9x10  y 
4.5x10 
9x10 
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INUVIK,  6  DECEMBER  1969 

Fig. 6  Inuvik  ASl'  pc  ures  of  supersonic  :tre  traveling  from  s>  dV  at  (I'll  2.  Maps  of  auroral  arcs  projected  on 
earth’s  swine  for  minute  intervals  showing  pole  waul  expansion  at  0500  anil  equatorw;  rii  moving  are 
at  ''51  -1  AH  (total  horizontal  pei  urhation  vcctor)  and  the  directions  of  AIW  at  05)  d  are  shown 
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Fig. 7  Plane  view  of  the  horizontal  motions  of  the  electrons  and  the  ions  and  the  “neutral”  ionization  V 

^  i  n 

in  crossed  electric  and  magnetic  fields  in  »hc  t  region  ionosphere.  The  current  density  J  is  shown 


crossed  electric  and  magnetic  fields  in  »hc  K  region  ionosphere 
perpendicular  to  V  .  3  is  into  the  paper. 
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Relationship  of  \*  the  electrody  namic  dritt  velocity  to  the  auioial  velocity  if.  showing  how  a  wall  of  neutral 
io  ization  is  built  up  in  Case  i  where  and  arc  parallel  if  V  _  >  ^  In  Case  II  V  and  VA 
are  antiparallel  and  no  wad  of  ionization  is  built  up 
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Fig.9  Neutral  ionization  drift  and  current  density  J%$  a  function  of  height  in  crossed  electric  and  magnetic 

fields.  P  is  into  the  pai<er. 
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Au  cours  d' observation*  effectives  a  Klruna,  en  Suede  (6Y,8  N,  20.0  E),  a  l'alde  de  reaeaux 
de  microphones,  on  a  detects  des  Infrasona  de  2  HZ  produits  pendant  un  oertaln  n ombre  d'orages  magne- 
tlques  majeurs.  On  a  pu  enreglstrer  la  direction  d'arrivee  et  la  vltesse  de  phase  horlzontale,  des 
lnfrasons.  au  noaent  ou  lie  franchlaaalent  lea  reaeaux  de  microphones.  Lea  quantites  alnsi  obtenuea 
ont  Ate  comperAe*  aux  mouveraenta  de  I'AlectroJet  auroral,  dAtermlnAs  A  partlr  d ' observations  geoma- 
gnetlquea  effectuees  dans  cinq  stations  scandlnaves.  Cette  comparalson,  ef.feotuAe  A  l'alde  d'une 
technique  de  trajectographle.  a  rAvAle  qu'une  partle  seuleiaent  des  lnfrasons  oboervAa  peut  8tre 
produlte  par  lea  mouvoments  aupersonlquns  des  electrojets  auroraux. 
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ABSTRACT 


2  Hz;  mfrasound  was  detected  during  a  number  of  major  geomagnetic  storms  using  microphone  arrays  at 
Kiruna  (67.8  N,  20.0  E),  Sweden.  The  direction  of  arrival  and  the  horizontal  phase  velocity  of  the 
infrasound  at.  the  microphone  arrays  were  obtained.  These  quantities  were  compared  with  motions  of  the 
auroral  electro jet  as  determined  from  geomagnetic  observations  at  five  Scandinavian  stations.  The  comparison, 
using  a  ray  tracing  technique,  has  shown  that  only  a  part  of  the  observed  infrasound  may  tie  produced  by 
supersonic  motions  of  auroral  electrojets. 

1.  INTRODUCTION 

The  existence  of  auroral  infrasor.ic  waves  with  periods  in  the  minute  range  is  at  present  well 
established  trough  observations  of  Wilson  (cf.  e.g.  (1)).  It  has  been  proposed  (2),  (3)  that  the  waves  are 
produced  by  auroral  arcs  and  surges  moving  with  supersonic  speeds.  A  quantitative  analysis  of  the.  production 
mechanisms  has  been  given  by  Chimonas  (4)  and  Chimonas  and  Peltier  (5).  First  in  1370  it  has  been  proved  by 
Procunier  (6)  that  the  infrasound  in  the  near  infrasonic  range  (1-16  Hz)  is  associated  with  auroral  events. 

He  has  also  pointed  out  that  this  frequency  range  is  especially  suitable  for  detection  of  weak  signals  frcrr. 
a  high  altitude  source.  On  average,  due  to  the  acoustic  absorption  the  highest  frequency  which  may  be 
received  from  a  source  at  80  km  level  is  16  Hz  and  1  Hz  for  a  110  km  source,  rrcm  the  other  side  the  power 
spectrum  of  atmosphei  ;c  “urbulence,  being  the  effective  noise,  decreases  with  increasing  frequency.  A 
favourable  signal  to  noise  ratio  may  be  obtained  at  frequencies  above  1  Hz. 

In  the  present  research  it  has  been  assumed  that  the  auroral  infrasound  is  produced  between  100  and 
110  km  and  the  frequency  of  detection  should  be  located  between  1  and  2  Hz.  The  recording  equipment  at: 

Kiruna  (67.8  N,  2C.0  E),  Sweden  (for  description  see  Liszka  et  al.  (7))  is  operated  at  1.9  Hz  with  a 
bandwidth  of  0.2  Hz.  Horizontal  phase  velocities  and  angle  of  arrivals  of  infrasound  during  4  nights  in 
August  -  September  1971  lias  been  compared  with  simultaneous  magnetic  activity.  The  period  has  been  chosen 
with  regard  to  favourable  wind  conditions  in  the  upper  atmosphere.  As  rocket  measurements  of  wind  and. 
temperature  were  not  available  at  that  time  a  model  atmosphere  has  been  used  between  35  and  120  km.  The 
lowest  part  of  the  model  has  been  adapted  to  simultaneous  results  of  the  geographically  closest  balloon 

soundings,  i.e.  from  Sodankyia  (67.3  N,  26.6  E),  Finland.  As  the  optical  aurora  can  not  be  seen  from 

Kiruna  at  this  time  of  the  year'  (all-sky  camera  recording  start  after  September  15)  the  infrasound 
recordings  have  been  compared  with  motions  of  auroral  electrojets  as  deduced  from  magnetic  observations. 

2.  DETERMINATION  OF  MOTIONS  OF  AURORAL  EUXTROJETS 

The  method  used  here  is  the  latitude  profile  method  discussed  by  Bonne vier  et  al,  (8).  The  current  is 
assured  to  be  infinitely  extended  in  the  direction  of  the  constant,  corrected  geomagnetic  latitude  (9). 

When  an  auroral  electrojet  is  located  above  a  magnetic  station  the  vertical  Z-component  is  equal  zero  and 
the  horizontal  H-component  reaches  its  extremum  value.  Having  a  chain  of  magnetic  stations  along  the  same 
geomagnetic  meridian  it  is  possible  for  a  given  instant  to  construct  the  latitude  profile  of  geomagnetic 

field  variations  and  thus  determine  the  location  of  the  electrojet. 

In  the  present  study  magnetograms  frcm  five  Scandinavian  stations:  Tromstt,  Abisko,  Kiruna,  Sodankyia 
arxl  Lycksele  are  used.  Geographical  and  geomagnetic  coordinates  of  the  stations  are  given  in  Table  I.  The 
Z-component  on  tfie  magnetograms  has  been  digitized  at  1  minute  intervals  and  corrected  for  the  Z  variation. 

The  latitude  profiles  were  plotted  for  every  minute  and  the  position  of  the  auroral  electrojet  determined  to 
be  at  latitude  for  whicn  ^corr<,ct,  -j  -  The  velocity  of  the  electrojet  is  then  calculated  from  its  positions 

at  two  consecutive  minutes.  The  maximum  error  in  the  calculated  velocity  is  estimated  to  be  50  m/sec.  Only 
velocities  larger  than  375  m/sec  are  used  in  the  comparison  with  recorded  infrasound  assuming  the  maximum 
influence  of  the  measuring  error  and  the  sound  velocity  at  the  auroral  height  of  325  m/sec. 

An  example  of  determination  of  the  electrojet  position  and  its  velocity  is  shown  in  fig.  1  for  a 
8  minute  period  during  the  night  August  22  -  23,  1971. 

3.  INFRASOUND  OBSERVATIONS 

Oaring  periods  when  supersonic  motions  of  electrojets  were  obtained  and  coherent  infrasound  was  recorded 
above  the  microphone  array,  E-W  and  N-S  phase  differences  and  the  amplitude  were  scaled  once  every  minute. 
Phase  differences  were  then  converted  into  the  horizontal  phase  velocity  and  the  direction  of  arrival.  These 
two  parameters,  together  with  the  amplitude  are  shown  in  three  lowest  diagrams  of  Figs.  2-b  where  results 
from  all  four  analyzed  nights  are  presented.  ’17 tree  of  the  nights  were  characterized  by  negligible  ground 
winds,  while  during  one  of  them  on  August  25-26,  19/1  the  ground  level  wind  of  about  3  m/sec  :nade 
impossible  reliable  amplitude  measurements. 
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The  upper  two  diagrams  of  Figs.  2-5  show  the  electrojet  velocity  and  its  position  (plotted  only  at 
occasions  of  supersonic  movements) .  Positions  of  the  electrojet  when  it  moves  towards  Kiruiva  have  been 
plotted  with  tliicker  lines.  It  is  during  these  motions  that  the  recording  station  will  be  reached  by  the 
shock  front.  When  the  electrojet  mover,  towards  the  South  the  infrasound  should  reach  the  station  from  the 
northern  part  of  the  sky  and  from  the  southern  part  of  sky  for  a  northward  notion.  The  larger  the 
translational  velocity  of  the  electrojet,  the  larger  will  be  the  horizontal  phase  velocity  of  the 
infrasound  recorded  on  the  ground  and  the  shorter  the  travel  between  the  source  and  the  grout*!.  The 
relation  between  the  Mach  number  of  tire  electrojet  notion  and  the  initial  horizontal  piase  velocity  is 
shown  in  Fig.  6  for  ambient  sound  velocities  of  300  and  330  m/sec.  Daring  the  night  August  22-23,  1971 
a  moderate  jet  stream  (50  m/sec)  was  observed  at  10  km  height.  The  jet  stream  increases  the  cut-off  phase 
velocity  for  infrasound  arriving  from  the  North.  This  may  be  seen  by  comparing  Figs.  7  and  8  with  results 
of  ray  tracing  for  a  night  without  a  jet  stream  (Fig.  9). 

It  must  be  also  remembered  that  also  the  travel  time  of  tl«  infrasound  between  the  source  and  the 
ground  is  a  function  of  the  direction  of  propagation,  the  horizontal  phase  velocity  and  the  atmospheric 
conditions. 


All  these  propagation  parameters  are  also  dependent  on  the  direction  of  propagation  due  to  influence 
of  the  atmospheric  wind  system.  This  is  illustrated  in  Figs.  7-8  showing  results  of  ray  tracing  for  six 
different  directions  of  motion  of  the  electrojet  and  different  initial  horizontal  phase  velocities.  The 
calculations  are  made  using  a  method  similar-  to  that  of  Cowling  et  al.  (10),  (11)  and  for  the  wind  and 
temperature  conditions  at  midnight  August  22-23,  1971. 


This,  a  detailed  comparison  between  the  position  of  the  auroral  electrojet  and  the  infrasound  observed 
on  the  ground  is  only  possible  by  applying  the  ray  tracing  technique  to  each  one-m‘.nute  scaling  of  the 
infrasound.  In  such  a  way  the  position  of  a  possible  source  at  110  ton  height  may  be  obtained.  As  only  the 
meridional  position  of  the  electrojet  is  known,  only  the  latitude  of  the  estimated  source  position  may  be 
compared  with  the  latitude  of  the  electi-o jet.  Such  a  detailed  comparison,  as  extremely  time-consundning ,  has 
been  made  only  for  a  limited  number  of  periods  during  the  investigated  storms.  The  following  periods  were 
analysed: 


17  Aug.  -71 

18  Aug.  -71 
18  Aug.  -71 
22  Aug.  -71 

4  Sep.  -71 


2240  -  2340  UT 
0030  -  01.20  LTT 
0140  -  02SQ  UT 
1930  -  2010  LTT 
2000  -  2140  LfT 


Results  of  the  comparison  are  shown  in  Figs.  10-14.  The  geomagnetic  latitude  of  each  zero  crossing  of  the 
vertical  component  of  the  geomagnetic  field,  interpreted  as  individual  electrojets ,  is  plotted  once  a 
minute  as  a  function  of  time.  The  geomagnetic  latitude  n'  the  estimated  infrasound  source  position  is 
indicated  by  empty  circles.  In  cases  when  the  intensity  of  the  1.9  Hz  infrasound  exceeded  6  db  above  the 
background  level  the  position  of  the  source  fas  been  marked  by  solid  circles.  It  may  be:  seem  tfat  the 
largest  portion  of  the  infrasound  observed  during  analysed  periods  seems  to  be  steadily  originated 
between  64.5°  and  65.5°  geomagnetic  latitude.  Only  during  periods  shown  in  Figs.  12  and  13  the  infrasound 
source  tends  to  follow  the  motion  of  the  electrojet,  but  is  not  necessarily  associated  with  supersonic 
motions  of  the  electrojet.  In  Fig.  13,  at  1945  UT  on  August  22,  1971,  strong  bursts  of  infrasound  emission 
may  be  seen  which  agrees  w«ll  with  supersonic  motions  of  the  electrojet.  On  August  17,  .1971  at  2250  ITT  and 
2300  l/T  and  on  September  4,  1971  at  2005  ITT  and  2110  ITT  there  are  bursts  of  infrasound  which  are  observed 
frcrii  the  northern  part  of  the  sky,  wfiile  the  supersonic  motions  of  the  electrojet  too!-,  place  in  the 
southern  part  of  the  sky.  Interesting  cases  my  be  seen  on  August  22  after  1935  ITT  and  on  September  4  after 
2050  UT  where  strong  bursts  of  infrasound  are  apparently  associated  with  a  disappearance  of  two,  oppositely 
directed,  weak  electro  jets.  There  are  also  few  cases  when  the  infrasound  was  originated  to  the  South  of  the 
station,  far  from  any  electrojet.  Unfortunately,  no  information  about  the  motion  of  auroral  surges  is 
available  from  the  magnetic  measurements.  This  type  cf  motions  may  also  produce  infrasound  (3)  which  will,  bn 
easiest  observed  in  the  direction  of  electrojet.  This  could  possibly  be  case  on  September  4,  when  the 
infrasound  was  observed  from  azimuthes  around  60°. 


CONCLUSIONS 

A  weak,  coherent  infrasound  has  been  observed  at  1.9  Hz  during  a  number  of  magnetic  storms, 
emission  is  rather  persistent  during,  long  periods  of  time  and  is  not  always  associated  with  transit. 
supersonic  motions  of  the  auroral  electrojet.  In  same  cases  when  the  enhanced  infrasound  emission  e;.n 
in  time  with  supersonic  motions  of  the  electrojet  there  is  a  discrepancy  between  the  direction  of  arrival  of 
the  infrasourxl  and  the  position  of  the  electrojet.  The  infrasound  emission  is  often  observed  also  wnen  the 
electrojet  as  whole  does  not  move  at  all.  It  is  therefore  possible  that  if  the  infrasound  is  produced  by 
dynamic  processes  in  the  aurora,  it  may  be  due  to  motions  of  individual  current  filaments  in  the  electrojet. 
Such  motions  may  be  difficult  to  discover  on  geomagnetic  recordings. 
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Table  1 

Coordinates  of  magnetic  stations 

Geographic  Geomagnetic 


Latitude 

Longitude 

latitude 

Longitude 

Tromsb 

69.67 

18.95 

66.3 

-  1.1 

Abisko 

68.36 

18.82 

65.0 

-  1,9 

Kiruna. 

67.83 

20.42 

64.4 

-  0.8 

SodankyLS 

67.37 

26.65 

63.4 

4.2 

Lycksele 

64.60 

18.80 

61.3 

-  3.7 
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SUR  LES  ODES  PRORilTES  PAR  QfcS  SOURCES  STATION  IRES  Er  ITINERANIES 
DANS  uie  aimgsriere  isotuerme  solmise  a  ckavite 


p»r 

C,H,  Liu  et  A.c.  Yeh 


SOWAIRE 


Au  coun  de  cea  derniAree  inntn,  on  a  accuaulA  lea  nises  en  Evidence  expArinentai.es  qui 
ont  acntrA  qua  laa  ondas  acouatiquaa  et  de  gravity  de  1'ataosphAre  nautre  peuvent  At  re  produitee 
par  diverses  source*  naturell.es  et  artificiellea  telles  que  dea  trenbleaeuts  de  terre,  das  fronts 
da  perturbations  aAtAorologiques ,  dea  explosion*  nuclAaires  dans  1'ataosphAre,  dea  couranta-jeta , 
dea  dAplscaaenta  super aoniquea  d'arce  auroraux,  das  sous-orages  auroraux,  dea  Ac  lips  as  de  soleii, 
das  avious  i.  reaction,  dea  lancers  de  fUtAes,  etc,.  On  peut  considArer  ces  divers  mAcanisnan 
d'excitation  cam*  ap  part  enact  A  l'un  des  trois  types  de  sources  suivants,  ou  cone  reprAsentant 
una  coabinaiaon  de  ceux-ci  :  production  de  aasao,  production  de  quantity  de  nouvement.  et  produc¬ 
tion  d'Anargie  j  que  I'on  peut  Atudier  d'une  fa;on  trAs  gAnArale,  On  considAre  tout  d'abord  le 
caa  da  sources  atationnaires.  La  rAponse  transitoire  et  la  forme  gAnArale  de  l'onde  en  un  point 
d'observation  donnA  dApendent  d'un  ceitain  no  fib  re  de  paranAtrea  tela  que  l'altitude  et  la  distance 
de  ce  point,  l'inetant  d' observation,  la  dApendance  spatiale  et  tesporelle  de  la  source,  la  natvre 
de  la  source,  etc.  On  foux-uirs  une  Atude  systAaatique  de  la  rAponae  transitoire  en  fonction  de 
certains  de  cea  paraaAtrea,  dans  I'espoir  que  cette  approche  puiase  se  rAvAler  de  quelque  utilitA 
aux  axpAriaentateure  pour  1* identification  de  diverse*  sources. 

Ensuite,  l'exaaeu  est  Atendu  aux  sources  itinArantes ,pour  les  deux  caa  aubsoniques  et 
super  aoniquea,  Les  applications  possibles  de  ces  rAsultats  aux  problAmes  d'excitetion,  dans  les- 
quela  interviennant  dea  source*  itinArantes,  englobent  :  les  lancers  de  fUaAes,  les  Aclipses 
de  solall,  lea  fronts  de  perturbation*  nAtAorologiquea ,  etc,, 

L’effet  de  sol  prend  de  l'ixportance  lorsque  lej  sources  eont  situAee  au  voisinag?  du  sol. 
On  Atudie  on  particulier  la  rAponse  transitoire  de  1'otmosphAre  a  un  mouvement  du  sol  au  cours  d'un 
sAiaae,  On  diacutera  le  couplege  entre  ondes  sismiques  et  atmosphAriques, 
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ABSTRACT 


Experimental  evidences  have  been  accumulated  in  the  last  several  years  to  indicate 
that  acoustic-gravity  waves  in  the  neutral  atmosphere  can  be  generated  by  various 
natural  and  artificial  sources  such  as  earthquakes,  severe  weather  fron's,  nuclear  de¬ 
tonations  in  the  atmosphere,  jet  streams,  supersonic  displacements  of  auroral  arcs, 
auroral  substoims,  solar  eclipse,  jet  aircrafts,  rocket  launchings,  etc.  These  various 
excitation  mechanisms  can  be  considered  as  one  or  a  combination  of  the  three  types  of 
sources:  mass  production,  momentum  production  and  energy  production  which  can  be  stud¬ 
ied  in  a  very  general  fashion.  We  consider  first  the  case  of  stationary  sources.  It 
is  shown  that  the  transient  response  and  the  overall  wave  form  at  a  given  observation 
point  depend  on  a  number  of  parameters  such  as  the  height  and  the  range  of  the  observa¬ 
tion  point,  the  time  of  observation,  the  spatial  and  temporal  dependence  of  the  source, 
the  nature  of  the  source,  etc.  A  systematic  study  of  some  of  these  parametric  depen¬ 
dences  of  the  transient  response  will  be  given.  It  is  hoped  that  the  approach  may  be 
of  some  use  to  the  experimentalists  for  the  identification  of  various  sources. 

The  investigation  is  next  extended  to  traveling  sources  for  both  supersonic  and 
subsonic  cases.  Possible  applications  of  the  results  to  excitation  problems  involving 
moving  sources  include  rocket  launching,  solar  eclipse,  weather  fronts,  etc. 

The  ground  effect  becomes  important  when  the  sources  are  near  the  ground.  In  par- 
ticu  nr,  we  study  the  transient  response  of  the  atmosphere  due  to  ground  movement  during 
an  earthquake.  Coupling  between  ths  seismic  and  the  atmospheric  waves  will  be  discussed. 

1 .  INTRODUCTION 

One  of  the  most  important  problems  in  the  study  of  acoustic-gravity  waves  in  the 
thermosphere  is  the  source  problem.  Whether  one  is  interested  in  the  dynamics  of  the 
ionosphere  or  concerned  with  the  effects  of  traveling  disturbances  on  communication,  it 
is  essential  that  one  knows  where,  when  and  how  those  waves  are  excited.  Experimental 
and  theoretical  studies  have  suggested  many  possible  generating  mechamisms,  such  as 
nuclear  detonation  in  the  atmosphere  (Oieminger,  W.  and  Hohl,  H. ,  1962;  Obayashi,  T. , 

1962;  Wickersham,  A.  F.  ,  1966),  earthquakes  "(Davies,  K.  ,  and  Baker,  C.  M.  ,  1965;  Yuen, 

P.  C.,  et.  al.,  1969),  supersonic  displacement  of  auroral  arcs  (Wilson,  C.  R. .  1969), 
polar  aub3torms  (Davies,  M.  J.,  and  da  Rosa,  A.  V.  ,  1969),  tropospheric  storms  (Georges, 

T.  M. ,  1968;  Baker,  D.  M.  and  Davies,  K. ,  1969),  solar  eclipse  (Chimonas,  G.  and  Hines, 

C.  O.  ,  1970)  and  many  more.  These  various  excitation  mechanisms  can  be  considered  as 
one  or  a  combination  of  the  three  types  of  sources:  mass  production,  momentum  production 
and  energy  production  plus  the  effects  of  the  boundary  surface.  In  this  paper,  the  tran¬ 
sient  excitation  of  acoustic-gravity  waves  in  an  isothermal  atmosphere  due  to  these  three 
types  of  sources  and  the  boundary  effect  will  be  studied  in  a  very  general  fashion. 
Specific  examples  will  be  given  with  the.  emphasis  on  the  dependence  of  the  transient 
response  on  the  various  observable  parameters. 

In  section  2  the  problem  is  formulated  in  a  general  manner.  Asymptotic  techniques 
useful  in  obtaining  far  field  expressions  are  reviewed  briefly.  The  case  of  stationary 
source  is  treated  in  section  3  and  3ome  results  are  discussed.  In  section  4,  the  moving 
source  problem  is  investigated.  The  ground  effect  and  the  coupling  between  ground  move¬ 
ment  and  atmospheric  waves  are  studied  in  section  5.  Some  conclusions  are  discussed  in 
section  6. 

2.  GENERAL  FORMULATION 

Let  us  consider  a  stationary,  non-rotating  atmosphere  made  of  inviscid  ideal  gas. 

The  equations  that  govern  the  dynamics  of  this  atmosphere  are  derived  from  the  conserva¬ 
tion  laws  and  are  given  by 

3p/3t  +  V- (pv)  »  q , 

p(3/3t  +  V*  V) v  +  Vp  -  pg  =  q  (1) 

pY(3/8t  +  v-V)(pp'Y)  =  ( Y  -  l)q  f 

where  p,  p  and  v  are  the  density,  pressure  antj  velocity  of  the  fluid  particles  respec¬ 
tively,  y  is  the  ratio  of  specific  heats  and  g  is  the  gravitational  acceleration.  q, , 

<}2  and  q,  are  respectively  the  late  of  mass  production  per  unit  volume,  the  rate  of  momen¬ 
tum  production  per  ur.it  volume  and  the  rate  of  heat  production  per  unit  vol'ime.  These 
source  teims  are  generally  functions  of  time  and  space  and  are  astumed  to  be  localized. 


«•- 

The  equilibrium  atmosphere  it  assumed  to  bo  iaothermal  with  an  exponential  variation  in 
density  and  pressure  ch ar actor i zed  by  the  scale  height 


T/mg  “  c2/yg 


\ 2) 


where  T  is  the  temperature  in  energy  units,  c  is  the  speed  of  sound  of  this  isothermal 
atmosphere. 

To  study  small  amplitude  acoustic-gravity  waves  in  the  atmosphere,  we  apply  the 
usual  linearization  procedure  tc  (1)  by  writing 


+p',pwp+p',V"0+V 


(3) 


where  the  second  terms  on  the  right  hand  side  are  the  perturbed  quantities.  Substitut¬ 
ing  (3)  into  (1)  and  linearizing  the  resulting  equations,  a  sot  of  differential  equa¬ 
tions  for  the  perturbed  quantities  are  obtained.  Tt  can  be  expressed  in  matrix  form 

f  “  5  (4) 

where  the  matrix  operator  is  given  by 
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and  the  field  vector  j?  and  the  source  vector  are  given  by 
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Eq.  r4)  can  be  recast  into  the  form 
D(V,3/3t;f  -  § 

where  D(V,3/3t)  is  a  scalar  operator 
D(i,d/dt)  -  det  «Q. 

-  S'/it"  -  c2 (32/3t2 )  (V2  -  1/4H2 ) 

and  V2  ■  32/3x2  +  32/3y2  is  the  horizontal  Laplacian, 
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(8) 


(9) 


is  the  Brun t-Vaxsala  frequency. 

3  in  (7)  is  the  equivalent  source  function  given  by 

5  -  A  $  (10) 

where jS  is  the  adjoint  operator  of.fi. 


The  operator  U(V,3/Dt)  in  (8)  is  called  the  acoustic-gravity  wave  operator.  We  see 
that  regardless  or  the  type  of  source,  the  transient  response  of  the  isothermal  atmos¬ 
phere  is  governed  by  an  equation  of  the  type  (7)  and  the  boundary  and  radiation  condi¬ 
tions.  The  transient  response,  therefore,  depends  on  our  ability  to  solve  (7).  Eq.  (7) 
can  be  solved  by  the  transform  technique  and  the  solution  may  be  written  formally  as 

?(r,t)  *  f?(  r,  w)  exp  (-iwt)  d(u  (11) 
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D(£,w)  »  (ajj  (w1  -  u|)  -  -  u*/t,?)(k*  +  k*)  +  k’l  (13) 

s  D  x  y  z 

i(j£,u>)  is  the  Fourier  transform  of  the  equivalent  source  function,  and  w  -  c/2H  is  the 
acoustic  cutoff  frequency.  " 

To  satisfy  the  causality  principle,  the  integration  path  T  in  (11)  is  taken  parallel 
to  the  real  w-axis  and  above  all  singularities  of  the  integrand. 

Eq.  (1.1)  is  the  general  solution  for  the  excitation  of  acoustic-gravity  waver  in  an 
isothermal  atmosphere  by  arbitrary  sources.  The  inverse  transform  in  (.11)  and  (12)  in 
general  are  difficult  and  for  most  sources  no  closed  form  solutions  are  possible.  In 
this  paper,  however,  our  main  interest  is  the  radiation  field  far  away  from  the  localized 
sources.  For  this  case,  asymptotic  techniques  are  available  to  yield  physically  meaning¬ 
ful,  simple  and  analytic  expressions.  In  the  following,  suveral  cases  will  be  discussed. 

3.  STATIONARY  SOURCES 

We  first  consider  the  case  where  the  sources  are  stationary.  For  this  case,  we  can 
integrate  (12)  using  the  asymptotic  method  developed  by  Lighthill  (1960).  The  technique 
makes  use  of  the  dispersion  surface  D(k,w)  -  0  in  k-space.  The  normal  to  the  dispersion 
surface  indicates  the  direction  of  the  group  velocity  (Lighthill,  M.  J.,  1960).  The 
asymptotic  method  is  based  on  the  idea  that  at  any  observation  point  r  far  away  from  the 
source,  the  contribution  to  the  radiation  fields  come  only  from  those  rays  whose  group 
velocity  vector  lie  in  the  jame  direction  as  r.  Using  this  technique,  a  rather  simple 
far-field  expression  for  r(r,w)  in  (12)  can  be  obtained  (Liu,  C.  H.  and  Yeh,  K.  C. , 

1971).  Substituting  this  expression  into  (11),  we  are  left  with  the  w-integration. 

Again,  for  far  field,  this  integral  can  be  evaluated  using  the  saddle  point  technique 
(Felsen,  L.  H. ,  1969).  The  general  results  indicate  that  a  high  frequency  spherical 
acoustic  mode  arrives  at  an  observation  point  first.  Some  time  later  a  cylindrical 
caustic  at  a  lower  frequency,  say,  w  less  than  arrives  and  then  splits  into  two 
frequencies,  the  one  with  w>w  is  called  the  buoyancy  mode  and  the  one  with  the 

internal  gravity  mode.  From  this  instant  on,  the  total  response  consists  of  all  these 

three  modes.  As  time  increases,  the  frequencies  of  the  three  modes  approach  uia,  uu  and 

*>  w^z/r  respectively.  Note  that  z/r  «  cos6  where  9  is  the  polar  angle  of  the  observa¬ 
tion  point  in  a  coordinate  system  with  the  origin  inside  the  source  region.  If  the 
source  is  harmonic  in  time  with  frequency  wa ,  then  some  time  after  tha  arrival  of  the 
acoustic  precussor  at  the  observation  point,  the  main  signal  with  frequency  wg  will  arrive 
with  the  group  velocity  corresponding  to  wa.  General  expressions  for  the  transient  re¬ 
sponse  at  different  time  intervals  were  given  by  Liu  and  Yeh  (1971)-  In  particular, 
explicit  expressions  for  the  transient  response  due  to  impulsive  point  source  were  de¬ 
rived  there  (also  sec  Cole,  J.  D.  and  Greifinger,  C. ,  1969)  and  numerical  computations 
were  made  for  various  cases.  Fig.  1  shows  a  sample  of  the  results.  It  can  be  seen  from 
the  figure  that  at  any  observation  point,  for  large  observation  timer  the  total  signal 
includes  a  dominant  gravity  mode  with  a  smaller  acoustic  mode  superimposed  on  it.  Figs, 

2  and  3  indicate  that  this  is  true  in  general.  Fig.  2  showc  the  constant  Rga  curves  in 
r  -  ct  plane  for  z  *  300  km,  where  R^  is  the  amplitude  ratio  between  the  gravity  mode 
and  the  acoustic  mode.  We  see  that  for  a  given  observat  ion  point  (fixed  r) ,  the  ratio 

RqA  increases  as  time  increases.  At  a  given  time,  the  contribution  from  the  acoustic 

mode  is  more  important  for  a  more  distant  observation  point  (larger  r) .  Fig.  3  shows 
the  same  plot  for  the  amplitude  ratio  between  gravity  and  buoyancy  modes.  The 

general  behavior  is Jabout  the  same  as  for  RqA.  However,  we  note  that  at  a  given  obser¬ 
vation  point,  at  a  given  time,  the  amplitude  of  the  buoyancy  mode  is  the  smallest  of  tha 
three . 

Therefore,  at  a  given  observation  point,  as  time  increases  (for  standard  F-region 
parameters,  the  time  corresponds  to  ct  greater  than  2r  a-  2.5r),  the  gravity  mode  domi¬ 
nates  the  response.  The  frequency  for  this  mode  approaches  wc  «=  ui^z/r  as  t  increases. 

Row  (1967)  has  used  this  idea  to  interpret  successfully  the  ionospheric  traveling  dis¬ 
turbance  cau  fed  by  nuclear  detonation.  Additionally,  because  of  the  range  dependence 
of  w „  it  se  .ms  that  certain  information  about  the  location  of  the  source  may  be  obtained 
by  measuring  the  wave  frequency  at  different  observation  points.  However,  great  care 
should  be  exercised  when  one  attempts  to  do  such  experiments.  Since,  depending  on  the 
range  r  and  time  t,  the  signal  is  at  the  different  stages  of  the  transient  response,  i.e., 
the  frequency  of  the  response  may  not  coincide  exactly  with  u>c.  Fig.  4  shows  the  varia¬ 
tion  of  the  wave  frequency  for  gravity  mode  vs.  the  range  r  for  z  «  300  km  and  ct  »  5000 
km.  The  dotted  curve  is  for  w  -  wc  =  u^z/r.  It  is  seen  that  for  large  r,  the  actual 
frequency  may  differ  from  wc  by  as'much  as  20%. 

4.  MOVING  SOURCES 

For  sources  that  travel  with  constant  speeds  such  that  3  =  §(r  -  vt,t),  the  general 
formula  (11)  can  still  be  used.  Asymptotic  techniques  are  also  available  to  obtain  the 
far  field  response  fLighthill,  M.  J. ,  1967).  In  this  section,  however,  instead  of  study¬ 
ing  the  general  case,  we  shall  concentrate  on  a  traveling  impulsive  point  source.  In 
this  case,  a  more  direct  approach  is  possible.  This  again  may  be  thought  of  as  the 
Green' i  function  or  propagator  for  the  general  case. 

Consider  an  impulsive  po  it  source  moving  in  the  horizontal  direction  with  a  con¬ 
stant  speed  u.  If  the  coordinate  system  is  chisen  such  that  the  x-axis  is  along  the 
trajectory  of  the  source,  then  the  equation  fc r  the  Green's  function  after  Fourier  trans¬ 
form  in  time  can  be  written  as 
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The  solution  for  (14)  satisfying  the  radiation  condition  is  given  by 
i  /w1  ••  id2 

G(x,s,w)  - - H ' J '  K (w)a) exp (iwx/u)  (15) 

4c2  uu 

where  H*‘*(x)  is  the  KanKel  function  of  first  kind  of  zero.h  order,  s  -  (y2  +  i2)  ^ 1  in 
the  radial  distance  from  the  trajectory  of  the  source  point  and 
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In  (16),  0  -  u/c  is  the  Mach  numberof  the  moving  source  and  is  a  characteristic  cut¬ 
off  frequency  defined  by 
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Inverse  transforming  (15)  in  ui,  we  obtain 
1  i  f  <w2“wb)l/2  m 

G(x,s,t)  *  -  - - - H  j  1  MS  (<*»)  s  Jexp  [-iw  (t-x/u)  ]du>  (18) 
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This  is  the  formal  solution  of  the  transient  response  due  to  a  traveling  impulsive 
point  source.  For  far  field  such  that  S  is  large,  asymptotic  expression  for  the  Hankel 
function  can  be  used  and  the  resulting  integral  can  be  evaluated  by  the  saddle  point 
method  (Felson,  L.  B. ,  1969). 

For  sources  traveling  with  supersonic  speed  such  that  0>1,  it  is  easy  to  show  that 
the  response  is  confined  within  a  conical  region  trai ling  behind  the  source  with  the  apex 
angle  0a  given  by 

ea  =■  sin"1  (1/0)  (19) 

This  corresponds  to  che  well  known  Cerenkov  cone. 

For  this  case,  the  cutoff  frequency  w,  is  greater  than  u>a.  The  transient  behavior 
at  an  observation  point  within  the  cone  is  similar  to  'hat  of  the  stationary  case,  with 
uij  playing  the  role  of  acoustic  cutoff  frequency.  In  general,  three  inodes  contribute  to 
the  signal.  They  are  the  same  acoustic,  buoyancy  and  gravity  modes.  As  time  increases, 
the  frequencies  of  the  modes  approach  u, ,  and  uc  respectively.  The  asymptotic  expres¬ 
sions  for  the  different  modes  at  various  time  intervals  are  rather  complicated  and  will 
not  be  given  heir<  .  Instead,  we  compare  the  amplitudes  of  the  three  modes  at  large  times. 
The  amplitude  ratio  between  the  gravity  and  the  acoustic  modes  RyA  is  given  by 


«  /(62<d2/<i>£  -  l)/(w*/w£  -  1)  ( tan<|>/8 )  (20) 

- 1 

and  is  independent  of  time,  where  4  «  cos  (z/s). 

Therefore,  at  a  given  observation  height,  the  farther  the  observation  point  is  away 
from  the  source,  the  smaller  is  the  acoustic  mode  contribution  to  the  total  response. 

(We  note  that  cases  corresponding  to  $  »  0  and  m/2  art  degenerate  cases  and  should  be 
treated  separately  from  the  beginning).  For  a  given  observation  point,  the  ratio  Rqa 
depends  on  the  Mach  number  0.  Fig.  5  shows  the  variation  of  RyA/tan4>  as  a  function  of 
0.  The  ratio  increases  as  0  increases  and  approaches  a  constant  value  l//l  -  iu^/u' 
for  a  large  Mach  number. 

The  variation  of  Rq.,,  amplitude  ratio  between  the  gravity  and  buoyancy  modes, 

is  depicted  in  Fig.  6.  Here,  constant  R curves  are  plotted  in  the  ct,-s  pharie,  where 
t,  -  t  -  x/u.  At  a  given  observation  point,  the  larger  t  is,  the  greater  is  the  ratio 
R^u.  In  general,  buoyancy  mode  is  very  small  as  compared  with  the  gravity  mode.  The 
ratio  Ryg  does  not  depend  on  the  Mach  number  0 . 

Next,  we  consider  the  case  where  the  source  moves  with  a  subsonic  speed.  For  this 
case,  0<1  and  There  is  no  Cerenkov  cone.  For  0  close  to  1,  only  two  modes 

(gravity  and  luoyancy)  are  present.  ir>  the  response.  The  acoustic  mode  is  not  excited. 
For  even  smaller  P,  there  are  three  modes  with  asymptotic  frequencies  approaching  w,, 
uic  respectively.  The  analysis  is  the  same  as  for  the  c  .se  0>1.  Fig.  7  shows  RG(  as  a 
function  cf  0,  where  RGl  is  the  amplitude  ratio  between  the  gravity  mode  and  the  mode 
at  Wj .  'Ve  note  that  when  the  source  moves  very  slowly,  the  gravity  mode  is  by  tar  the 
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most  dominant  component  of  the  response. 


5.  THE  OROUND  EFFECTS 


The  above  discussion  can  be  extended  to  include  the  effects  of  the  ground.  The 
major  modification  will  be  the  additional  contribution  from  a  reflected  wave  and  a 
surface  wavu.  Thej r  transient  behavior  may  be  evaluated  in  the  same  manner  as  indicated 
above.  A  more  interesting  problem  is  the  excitation  of  acoustic-gravity  waves  by  ground 
movements.  In  the  following,  a  simple  model  will  be  used  to  investigate  this  problem. 

We  start  by  considering  (7)  for  the  component  F5,  which  is  related  to  the  vertical 
component  of  the  velocity.  Assume  that  there  is  no  source  so  that  S5  *  0.  The  movement 
of  the  ground  is  taken  into  account  as  the  boundary  condition. 

Assume  that  the  ground  moves  according  to  the  equation 


z  =*  ijcos  k (  (x  -  ut)  H  [k  t  (ut-x)  J  (21 ) 


where  H(x)  is  the  unit  step  function,  k,  and  u  are  tha  wave  number  and  the  phase  velocity 
of  the  surface  wave  on  the  ground  respectively.  This  movement  of  the  ground  forces  the 
atmosphere  into  motion  and  since  z0  is  small  in  comparison  with  the  wavelength  of  the 
acoustic-gravity  wave,  we  can  write  approximately  at  z  =  0. 
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z  «=  0 


(22) 


where  z  is  given  by  (21). 

This  is  the  required  boundary  condition  for  eq.  (7)  for  the  vertical  component  of 
the  velocity.  The  solution  may  be  obtained  by  the  transform  technique  and  we  have, 
formally, 

*  zo 

v2(r,t)  =  exp(z/2H)  I  (23) 

Here  I  is  an  integral  defined  by 

I  =  f  - - -  exp{-i(uit  -  £(ui)z]}do  (24) 

>  wJ-k?u2 


where 


Uw)  »  ^(02-l)  (u>2-u>2)/8c  (25) 

and  Wj  is  given  by  (17),  and  t,  =  t  -  x/u. 

The  integral  (24)  can  be  evaluated  by  the  saddle  point  method.  For  8>1,  it  can 
be  shown  by  closing  the  contour  of  integration  in  the  upper  half  u)-plane  that  signal 
can  only  be  found  within  a  certain  region  above  the  ground.  For  a  given  t,  the  boundary 
of  that  region  in  the  x-z  plane  is  defined  by  the  straight  line 

x  +/0J  -  l‘  z  -  ut  (26) 


which  is  above  the  ground  and  trailing  behind  the  front  of  the  surface  wave  on  the  ground. 
The  apex  angle  of  thi3  boundary  is  given  by  sin-1il/8). 

At  any  observation  point,  a  high  frequency  precussor  arrives  first.  Then  at  the 

time 


t0  «•  [x  +  z/82-l//l-w2/k?u2]/u  (27) 

the  main  signal  with  frequency  id  -  k  u  arrives.  The  asymptotic  expressions  at  each 
time  interval  can  be  derived  from  (24)  but  will  not  be  given  here.  For  t>t0,  the  main 
signal  dominates  and  is  given  by 

vz (r,t)^kj  z„uexp (z/2H) sin [/8 2 -I  /k2u2-u>2  z/u  +  kjfx-ut))  (28) 

We  note  that  for  the  wave  to  propagate  upward,  kjU  must  be  greater  than  ur  For 
B>1,  we  have  seen  that  .  This  means  that  the  excited  wave  is  in  the  acoustic  branch. 

Experimental  evidence  has  shown  that  traveling  ionospheric  disturbances  can  be  related  to 
the  traveling  seismic  waves  on  the  surface  cf  the  earth  (Yuen,  P.  C.  et.  al. ,  1969), 

As  a  numerical  example,  we  consider  the  wave  excited  by  a  Rayleigh  wave  of  period  25 
seconds  and  speed  3,9  km/sec.  The  ground  moves  5mm  (z0  =  5mm).  For  these  parameters, 
the  corresponding  vz  at  a  height  of  150  km  is  approximately  30m/sec. 

6.  CONCLUSION 

We  have  3een  in  this  paper  that  the  excitation  of  acoustic-gravity  waves  in  ar.  iso¬ 
thermal  atmosphere  by  various  sources  can  be  treated  in  a  unified  fashion.  In  our 
approach  the  atmospheric  response  to  any  source  is  described  by  the  differential  equation 
(7)  with  a  gravity  wave  operator  given  by  (8).  Since  the  gravity  wave  operator  is  a 
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differential  operator  with  constant  coefficients,  the  problem  can  be  formally  solved  by 
the  transform  technique.  As  is  usually  the  case  in  the  transform  technique  the  inver¬ 
sion  can  be  difficult  and  for  our  problem  it  is  not  possible  to  do  it  in  general.  However, 
asymptotic  methods  can  be  used  if  radiation  fields  are  interested.  Three  examples  are 
considered  to  illustrate  the  technique.  They  are:  (i)  localized  stationary  source,  (ii) 

moving  point  source,  and  (iii)  coupling  with  traveling  seismic  waves. 

When  the  source  is  localized,  impulsive  and  stationary  the  large-time  radiation 
field  is  composed  of  three  components:  acoustic  mode,  buoyancy  mode  and  gravity  mode. 
Relative  magnitudes  of  these  three  components  are  examined.  It  is  shown  that  the 
largest  component  in  the  radiation  zone  is  given  by  the  gravity  mode.  As  time  increases 
the  total  response  can  be  described  as  essentially  given  by  the  low  frequency  gravity 
coini  anent  modulated  by  the  high  frequency  acoustic  component.  The  buoyancy  mode  is 
least  important. 

Acoustic-gravity  waves  can  be  generated  when  the  source  is  in  steady  motion.  When 
the  source  travels  with  a  supersonic  speed,  the  radiation  is  confined  within  a  characteris¬ 
tic  Cerenkov  cone  trailing  behind  the  source.  For  an  impulsive  point  source,  three  modes 
are  excited,  with  gravity  mode  having  the  largest  amplitude.  Due  to  motion  the  acoustic 
mode  has  a  characteristic  frequency  modified  by  the  Mach  number.  The  radiation  is  still 
possible  if  the  source  is  subsonic.  In  this  case  the  Cerenkov  cone  is  absent  and  the 
acoustic  mode  is  not  excited. 

The  presence  of  solid  ground  introduces  additional  complications  in  the  radiation 
problem.  The  ground  may  reflect  the  wave  and  it  may  also  guide  the  wave.  When  the 
ground  is  forced  into  motion  it  may  also  excite  atmospheric  waves.  Following  an  earth¬ 
quake  the  traveling  seismic  waves  may  couple  energy  into  the  atmosphere  and  this  energy 
can  be  carried  away  to  the  thermosphere  in  the  form  of  waves.  Since  Rayleigh  waves  have 

periods  of  the  order  of  25  seconds,  the  excited  waves  are  all  in  the  acoustic  branch. 

Because  of  the  exponential  growth  factor  with  height,  a  small  ground  movement  may  give 

rise  to  detectable  perturbations  in  the  ionosphere.  As  an  example,  it  is  shown  that  a 
5mm  movement  on  the  ground  can  excite  a  wave  which  has  an  associated  air  parcel  velocity 
30  m/sec  at  a  height  of  150  km. 

It  is  interesting  to  point  out  that  these  different  excitation  mechamisms  can  excite 
waves  with  different  characteristic  frequencies.  Therefore,  experimental  determination 
of  these  characteristic  frequencies  can  yield  information  not  only  about  the  nature  of 
excitation  but  also  about  certain  physical  parameters  of  interest  such  as  distance  to 
the  source,  velocity  of  sound,  etc. 
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DISCUSSIONS  ON  THE  PAPERS  PRESENTED  IN  SESSION  1  A  , 

(Acoustic  gravity  waves  in  the  neutral  terrestrial  atmosphere.  Natural  sources  and  propagation) 


Discussion  on  pejsr  1  :  "3cm'  analogies  between  the  propagation  of  ionospheric  radio  vavee  and  acouetic- 

gravity  were*"  ,  by  It,  DAVIES, 

Dr.  R,K,  COOK  i  The  author  describee  acoustical  varee  which  occur  at  frequencies  higher  than  the  atmo¬ 
spheric  resonant  frequency,  and  acoustic-gravity  waves  which  occur  at  frequent i«»  lower  than  tha  VKiallfi- 
Rrunt  frequency  in  an  isothermal  atmosphere,  There  i»  a  third  mode  for  sound  propagation,  the  Ima'o  wave, 
which  occurs  at  all  frequencies f  including  those  between  the  reeonant  and  VAisAia-Brunt  frequencies.  The 
Lamb  wave  propagation  ia  in  a  direction  parallel  to  the  earth's  surface,  hater  papers  in  this  meeting 
discuss  its  significant*  for  the  propagation  of  sound  over  global  distances  in  the  atmosphere,  at  infra- 
eon  ic  frequencies, 

i  i  . 

Dr,  K.  D AV IKS  i  1  was  refaring  to  internally  propagating  waves  only. 


Discussion  on  pager  2  i  "3  D  ft  ay  tracing  for  acoustic-gravity  wave*” ,  by  T,M,  0E0RQE8, 

i 

Dr,  R,K.  COOK  t  Ray-tracing  techniques  show  clearly  the  noiwaciproccl  character  of  sound  propagation  in 
a  windy  atmosphere,  Thi*  is  true  also  for  electromagnetic  wave  propagation  in  a  moving  material  medium  ( 
the  reciprocal  theorem  dose  mot  hold.  In  19th  century  language,  the  "ether"  is  partially  dragged  along  by 
the  moving  medium,  the  relative  .velocity  being  dependent  on  the  index  of  refraction  of  the  material  medium 
In  tha  windy  atmosphere,  the  departure  from  reciprocity  ie  relatively  much  less  for  electromagnetic  waves 
than  for  sound  waves, 

Sven  with  no  wind,  but  with  a  steady  magnetic  field  present  in  a  material  medium,  the  propagation 
of  electromagnetic  waves  ia  non-reciprocal.  This  occurs  because  the  component  of  the  magnetic  field  whiteh 
ia  parallel  to  the  direction  of  propagation  causae  a  rotation  of  t.he  plane  of  polarisation  (the  Faraday 
rotation)  directly  proportional  to  the  strength  of  the  magnetic  field, 

i  I 

Prof,  A.D.  FIERCE  :  Possible  instances  of  eases  when  ray  tracing  techniques  to  jjrediet  wave  amplitudes 
became  inexplicable  ie  at  points  or  loci  of  points  (caustics )  where  adjacent  rays  interest, 

Dr.  T.K.  GEORGES  :  Although  pure  geometrical  acoustics  fails  at  caustics,  several  apparently  successful 
techniques  have  been  developed  to  "patch-up"  ray-tracing  progrsme  vith  full -wave  and  /  or  phase-integral 
calculations  of  field  strength  at  place*  where  flUx-tub*.  argument e  break  Gown.  These  tech  uque*  have  po¬ 
tential  for  greatly  enhancing  the  utility  of  ray  techniques. 


Discussion  on  paper  1.  by  K,  PA VI £8  and  paper  g  by  T,M,  QEORQES, 

C.P,  P.  BALLET  :  Comments  ire*  1,  Dabs  lee  th6ories  nagnftoionique  d'une  port  et  ac  oust,  i  qua  et  «\e  gravitA 
d'autre  part,  on  obtient  pour  l'oudo  plane  une  Equation  de  dispersion  et  unc  Aquation  qui  four hit  la  di¬ 
rection  du  rayon,  Loraque  lee  milieux  de  propagation  sent  au  repos,  il  art  facile  de  voir,  sur  lev  Aqua¬ 
tions,  qua  lea  chamina  sont  rAciproquas,  La  non-rAciprccitA  dee  chesins  lorsque  le  milieu  ioniaA  ui  nautre 
set  animA  d'un  mouveaent  de  translation,  uniform*  dans  chaque  stratification,  eat  asset  fictive  et  revient 
i  un  eimple  changmsaot  de  repftrea,  Cet  effet  de  non-rAciprocitA  eat  pratiquuaant  toujoure  nAgligegb,  e  pout- 
lee  ondes  AleotromagcAtiques  ac  propageant  dane  1'ataosphdre  ionieAe, 

2,  La  diffArenec  import ante  par  lee  complications  qu'elle  crAe  set,  ecmble-t-il,  la  euivante. 

Pour  lea  ondes  acoustiquea  ou  acouetiquea  et  de  gravitA ,  on  peut  coneidArer  un  noddle  aits  pie  epbArique 
puis  qua  le  champ  da  gravitA  art  hcmocentri  que,  11  an  rAeulte  dee  t;aj»ctoiree  planes  et  dee  syntAtries.  Par 
contra,  pour  lea  ondes  AlectromsgnAtiquea,  Le  champ  nagnAtique  terreetre  qui  n'eet  pa*  hoaocantriqua  coa- 
plique  le  noddle.  Lee  trajectoirea  aont  gauche*  et  dieeyiiAtriques  an  gAnArsl,  Etifin,  de  l'effet  Faraday 
rAeulte  la  non-rAciprocitA  de  polariaatioa. 

Dr,  K.  DAVIES  :  In  the  case  of  acoustic  gravity  waves  propagating  in  s  moving  dispersive  atmosphere  come 
non-reciprocal  effects  may  arise,  Doing  downwind  the  intrinsic  frequency  is  w  -  k  U  vberw  u  is  the  wave 
frequency,  k  the  propagation  number  and  IJ  the  wind.  Upwind  the  intrinsic  frequency  is  u  +  k  U,  lienee  there 
may  veil  be  non-reciprocal  propagation. 

Dr,  T,M,  GEOROES  :  Ray-path  reciprocity  require*  that  a  stadium's  refractive  index  everywhere  remain  inva¬ 
riant  with  respect  to  a  lOcP  reversal  of  wavevector  direction.  Such  is  not  the  case  for  acoustic  (and  con- 
sequsntly  acoustic-gravity)  waves  in  a  moving  fluid.  Therefore  the  acoustic  ray  path  from  point  a  to  point 
b  in  a  moving  fluid  differs  from  the  path  from  b  to  a.  For  electromagnetic  waves  in  a  stationary- aagne to¬ 
pi  asms,  refractive  index  does  not  change  upo-a  wavevector  reversal  \  therefore,  electromagnetic  ray  paths 
in  such  a  medium  are  reciprocal.  Observed  amplitude  non-reciprocities  in  VLF  waveguide  are  apparently  due 
to  anisotropy  of  the  loss  (absorption)  on  reflection  from  the  upper  vaveguide  boundary  (the  D  region). 


I A 

Discussion  on  wwr  3  i  "Generation  *»d  prupsget  ion  of  sound  vav«*  between  the  ionosphere  and  the  iov>r 
atmosphere",  by  Ur. COOK, 

Dr.  Ch.R.  WH30E  i  Obeervations  of  auroral  infrasonic  wave*  show  that  th«i  generation  mechanism  ia  asymms- 
trio  with  respect  to  tha  direction  of  notion  of  the  supersonic  aurora  ralativa  to  the  direction  or  tha 
E  ration  olactric  fiald.  Therefor®  Loronts  force  and  not  beat  ia  probably  the  source  of  tha  pressure 
jump  within  tha  aurora,  an  daaoribad  in  paper  6, 

ter. it  suggestion  that  the  upward  propagating  ahock  ware  haa  a  negative  phase  nay  explain  the  fre¬ 
quent  observation  of  negative  AXW  in  that  the  upward  propagating  ahock  would  ba  refracted  back  to  the 
(round  by  tha  thermosphere. 

Prof.  R.K,  COOK  :  The  analysis  of  thia  paper  aatab.liahes  a  relationship  between  the  strength  or  a  h«at 
aource  (an  auroral  discharge)  moving  at  supersonic  apead  through  tha  ionoephere,  and  tha  strength  {prat- 
aura  Jump  obaarrad  at  ground  levol)  of  tha  weak  ahock  produced  by  tha  source.  There  are  certainly  other 
aacbasi rua  (in  addition  to  heating)  which  Might  produce  weak  praaaura  ahock*  haring  a  auparaonic  horinou- 
tal  trace  waioeity  aw  oh* erred  at  ground  level.  Definitive  data  or  tha  heating  rata  during  an  auroral  dis¬ 
charge  would,  whan  available,  lead  to  a  good  estimate  for  tha  praaaura  jimp. 

Tha  qua  at  ion  of  tha  ssyometry  of  appearance  of  pressure  jumpa,  ris-i-vis  tha  diraction  of  Motion 
of  superroaic  auroral  fense,  seems  to  ba  still  open  in  view  of  the  obaervationa  reported  by  Liizka  later 
on  during  this  meeting. 

Dr,  Ch.n.  WILflOk  t  Dr.  Liaxk*  has  stated  that  ha  has  not  observed  tha  transient  auroral  bow  wave  type  si¬ 
gnals  which  are  tha  ones  that  show  the  asymaet ry  described. 

Dr.  A.D„  PIERCE  :  Tha  inference  in  this  paper  is  evidently  that  the  infraaonic  oscillations  as  observed 
at  Collage,  Alaska,  luring  auroral  activity  nay  actually  be  an  all- amplitude  shocks,  Would  such  shocks  be 
audible  to  imton*  on  tho  ground  T 

Dr.  R.K.  COOK  :  The  obaervad  values  of  the  pressure  jumps  caused  by  auroral  supersonic  Motions  are  appro¬ 
ximately  1.0  ll/m2,  Such  junps  are  probably  too  weak  to  be  audible  to  a  casual  observer,  unattentive  and 
in  the  presence  of  embiant  noise.  Since  the  jump  (%  10“5  atmosphere,  a  3«ail-a«plitude  shock)  i.a  well- 
aged  after  propagation  over  distances  of  the  order  of  tens  of  kilometers,  its  rise  time  is  of  the  order 
of  one  second.  Therefore  it  would  be  inaudible.  The  situation  is  quite  different  with  respect  to  a  sonic 
boom  generated  by  the  supersonic  flight  of  aircraft.  The  pressure  jump  is  typically  100  H/n2  (a  small- 
amplitiule  ahock  nonetheless),  with  a  rise  tine  of  the  order  of  only  a  few  milliseconds.  The  boon  is  quite 
audible  even  to  an  un attentive  observer,  and  usually  startles  and  annoys  him. 


Discussion  on  paper  k  s  "A  nodel  for  acoustic  gravity  wave  excitation  by  buoyantly  rising  and  oscillating 
air  Masses"  by  A.E\  FIERCE, 

Dr,  B.L.  MURPHY  ;  (1)  Far  a  supersonic  fireball  the  fireball  dimensions  nay  be  expected  to  be  comparable 
with  a  scale  height.  Thus,  rather  than  radial  oscillations  due  to  the  greater  than  ambient  pressure,  ven¬ 
ting  at  the  top  would  sees*  acre  likely, 

1  l  2 

(2)  t  E  is  not  the  available  energy  for  wove  generation  :  x  MV  would  be  a  better  esti¬ 
mate  where  M  is  the  fireball  mass  plus  Darwin  's  virtual  mass  and  V  is  the  initial  rise  velocity.  This  is 
the  order  of  a  fev  times  lO^d  E  for  megaton  yields. 

Prof,  H,  VOLLASD  i  What  is  the  physical,  meaning  of  the  drag  force  T 

Dr.  A.D,  PIERCE  :  The  drag  force  has  been  inferred  from  experimental  observations  of  Scorer  and  of  Turner, 
so  its  underlying  physical  mechanism  is  not  well  understood.  My  present  guess  is  that  the  apparent  drag 
arises  because  the  flow  around  the  bubble  or  fireball  is  not  laminar.  The  wake  and  backside  of  a  mushroo¬ 
ming  cloud  is  turbulent.  Perhaps  the  energy  lost  due  to  drag  actually  reappears  as  the  kinetic  energy  of 
the  turbulent  wake. 

Discussion  on  paper  2  :  (Validity  of  WKB  approx,  and  Ray  tracing). 

Prof.  H.  VGLLAHD  :  Dr.  Georges,  can  you  comment  on  the  range  of  validity  of  ray-approximation  for  acoustic- 

gravity  wavea  T 

Dr.  T,M,  GEORGES  :  The  question  of  the  "range  of  validity"  of  ray  theory  via-a-vis  the  WKB  criterion  oust 
be  answered  in  two  parts  :  one  has  to  do  with  the  accuracy  of  the  ray-path  calculation  itself,  and  the 
answer  ia  that  one  can  always  ccmpute  the  ray  path  (i.e.,  the  path  satisfying  Fermat's  Principle  for  some 
initial  conditions)  to  any  desired  accuracy  for  any  wave  in  any  medium,  even  if  the  WKB  criterion  is  gross¬ 
ly  violated.  This  fsef  is  apparently  not  widely  appreciated.  The  second  answer  has  to  do  with  how  one  in¬ 
terprets  rty  paths  ;  i.e,  ths  adequacy  of  the  ray  picture  for  describing  real  wave  phenomena.  This  answer 
must  he  a  lot  more  ihiaxy  because  "adequacy"  obviously  depends  a  great  deal  on  vhat  wave  phenomena  one  is 
interested  in.  Ray  thaory  obviously  fails  to  predict  vave  amplitude  when  significant  partial  reflections 
occur,  in  the  vicinity  of  caustics  or  turning  points,  or  when  waves  travel  multiple  paths  (as  in  wave 
guides),  even  when  WKB  is  satisfied.  On  the  other  hand,  WKB  seams  tc  be  much  too  stringent  a  criterion 
if  one  is  interested  in  where  vave  energy  goes  in  a  gross  sense,  or  in  reflection  heights  of  VLF  radio 
waves  or  internal  gravity  vavea  in  the  atmosphere,  for  example.  Simultaneous  rey  and  full -wave  calcula¬ 
tions  give  very  similar  results  in  many  cases  in  which  the  WKL  criterion  would  predict  a  breakdown  of  ray 
theory.  Clearly,  then,  a  lot  more  work  remains  in  determining  when  one  needs  to  "doctor"  rsy-path  calcu¬ 
lations  to  account  for  purely  wave-like  effects.  At  present  it  seenm  safe  to  say  that  no  one  really  knows 
exactly  how  to  asaess  ray  theory  except  by  direct  comparison  with  full-wave  results.  Like  any  other  tool, 
it  goes  vithout  saying,  one  has  to  know  when  to  use  it  when  not  to. 


liO 
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Diecuueion  on  juwmt  S  i  "Acourtic  brevity  mtai  and  diffusion  erfects  at  the  atmospheric  boundaries",  by 
prof,  r.  VAwsor, 

Dr.  C.H,  LIU  i  In  the  discussion  of  critical  1 syer,  1  might  edd  ooe  point.  That  i»,  when  the  wave  approa- 

chat  tha  critical  layer,  .he  phase  spend  apjr'.achss  eero  in  tt  a  moving  system,  Hor* ,  tha  non  linear  aJ'fmota 

in  tha  sense  of  "long  waves"  nay  baccme  impudent,  There  ia  a  recent  paper  by  Breeding  in  J,  Kl'iid  Mach, 
•hoairm  scow  nunsricol  cossputvd  result.*,  t  ->r  some  canes,  uon-linnex  effect*  indeed  «rt  appreciable, 

ft-of.  V,  WARMS  :  The  nco-d iuenr  terns  are  undoubtedly  important  in  bobs  cum,  but  hare  the  time  scale  en¬ 
visaged  ia  such  that  tbeaa  term*  art  not  likely  to  be  ipgiortajjt ,  Theoretical  result  a  to  data  give  an  indi- 

cation  of  the  transient  development  of  a  broad  bonded  sanitation  in  a  non  linear  diaper* ire  system,  Sane 
authors  suggtet  tha  artist er.ee  of  a  cahti  aye  pattern  i*  certain  cases,  vhila  Breading'*  result*  would  be  in¬ 
valid  if  turbulanc*  developed.  Toi*  latter  wevo-brsetking  each  an  ins  aa  in  Thorp*'*  experiments  ia  probably 
tha  relevant  on*  for  tha  real  ataaepheni  Thu*  if  non  linear  terns.  arc  inportant ,  than  tha  first  raquire- 
sent  is  a  stability  theorem  c.g,  a  non  linear  Howard' a  Thaoraa, 


Discussion  on  paper  "Auroral  infraaonic  wave  generation  mechanise",  by  Dr.  C.N,  WILSON. 

Dr,  0.  HOLT  :  I  would  like  to  suggest  tha  Ei  D  plasma  instability  aa  a  possible  alternative  mechanism  for 
tha  generation  of  AIW  froai  acting  auroral  ?onuT,  The  instability  requires  a  strong  gradient  in  tha  plasma 
density,  of  direction  opposite  to  the  electric  field.  During  stable  conditions,  diffusion  will  act  to 
smooth  out  tha  gradient,  but  for  an  auroral  form  in  supersonic  notion,  this  is  not  possible.  The  a  pact  rua 
of  plane*  waves  caused  by  the  instability  will  travel  along  the  flout  of  th*  arc,  and  tbair  energy  night 
b*  transferred  to  the  neutral  gas,  Qualitatively,  this  ia  in  agreament  with  tha  say-airy  of  northward  and 
southward  notion  observed  by  Wilson.  Quantitatively,  I  do  not  know. 

Dr.  Ch.  WILSON  :  I  —  not  fhauiliar  with  the  2x3  plants  instability  but  can  only  say  that  auy  mechanism 
must  produce  a  pressure  pulse  that  is  of  constant  phase  in  the  moving  frans  of  reference  of  the  aurora. 

At  this  tins  I  can  not  aa*  how  varus  traveling  along  the  arc  itself  could  be  the  source  of  a  bow  wave  that,  is 
traveling  transverse  to  the  arc.  One  should  certainly  explore  all  possible  mechanism*  however, 

Pinf.  H.  VOIXAMD  :  Obviously,  your  excitation  mechanism  due  to  cosicntist  coupling  will  work  only  within  a 
Mtall  frequency  range.  Can  you  specify  this  spectral  range  T 

Dr.  Ch.  WILSON  :  The  period  of  th*  bow  wave  ia  approximately  equal  to  L/V^  vhere  I.  i*  the  wiltb  of  the  etc 
and  V.  is  its  supersonic  velocity  ct  translation  perpendicular  to  it*  long  axis.  If  the  ionitation  collec¬ 
tion  process  is  taking  place,  then  L  will  be  leas  than  the  width  of  the  arc  depending  on  the  Mach  n—bar 
of  the  arc.  These  considerations  restrict  the  period  range  for  the  mechani—  re  am  about  1  sec  to  100  sec, 

Bref.  H,  VOLLAKD  :  The  meridional  electric  field  component  should  become  aero  around  local  midnight  within 
the  auroral  oval.  Can  you  relate  your  observed  reduced  activity  of  acoustic  wav*  energy  during  midnight 
with  such  behaviour  T 

Dr.  Ch.  WILSON  s  Yea,  there  is  a  decrease  in  the  auroral  infraaonic  wave  activity  around  local  magnetic 
midnight  that  ia  probably  related  to  the  decrease  in  the  strength  in  E  around  that  time, 


Discussion  on  papers  6  and  T 

Prof.  il.  VOLLAND  ;  There  appears  to  exist  a  discrepancy  between  the  results  of  Wilson  and  Links,  In 
Wilson's  results,  acoustic  ware  propagation  from  the  south  is  excluded,  which  Wilson  explains  by  the  exci¬ 
tation  mechanism  within  the  auroral  electrojet.  This  anisotropy  i*  not  seen  in  Liszke's  result*.  What  is 
the  reason  for  this  discrepancy  T 

Dr.  Ch.  WILSON  :  V.  is  not  correct  t.o  say  that  a  discrepancy  in  our  observations  exists  when  c*ne  does  not 
know  for  certain  that  Lisxka'a  observations  at  2  Hi  nod  mine  in  the  pas  abend  from  0,1,  to  0,01  He  are  both 
due  to  th#  seme  mechanism.  My  results  concerning  AIW  refer  only  to  bow  waves  due  to  supersonic  motions  of 
large  scale  electrojet  aurorae.  There  probably  are  other  mechanisms  which  produce  infraaonic  waveo  in  the 
auroia  in  *  different  frequency  region  such  aa  direct  heating  from  auroral  particles  during  pulsating  eiv- 
rore  or  two-stream  plasma  instability  to  produce  ion-acoustic  waves  in  auroral  arc*  in  the  high  frequency 
region  with  j  >  0,1  H*  and  in  the  long  period  region  with  T  >  Bruno  period.  Joule  heat  lose  in  the  elec¬ 
trojet  probably  produce*  internal  gravity  waves  with  a  time  scale  the  order  of  th#  subatom*  riaa-times  of 
say  5  to  10  minutes. 

It  would  be  incorrect  to  aastne  that  the  process  that  I  propose  is  th*  only  one  operating  throu¬ 
ghout  the  entire  acoustic-gravity  wave  spectrum.  It  is  just  as  incorrect  to  nssase  that  all  infraaonic  ra¬ 
diation  from  th*  aurora  ia  due  to  the  same  excitation  mechanism  M  it  would  be  to  soy  that  all  the  electro¬ 
magnet  ic  radiation  from  the  aurora  ia  from  the  same  process. 

Prof,  R.K.  COOK  :  It  is  quite  possible  that  Wilson  (in  Alaska)  and  Liszka  (in  Kiruna)  are  measuring  the 
same  acoustical  vaveform,  both  generated  by  auroral  motions  at  supersonic  speed*.  But  the  substantial  dif¬ 
ferences  in  their  graphic  recording*  come  shout  from  th*  quite  different  impedance  fwsmtion*  (different  fil¬ 
tering)  of  their  respective  electroacoustics!  apparatuses.  The  apparatus  will  give  the  correct  time  (to 
within  a  few  seconds  for  Wilson's  apparatus  at  which  a  transient  sound  pressure  starts,  but  the  subsequent 
recorded  waveform  depends  strongly  on  the  indicial  admittance  (associated  with  the  inpedance  function)  of 
the  apparatus.  The  "true"  waveform  of  the  sound  pressure  is  in  principle  obtainable  by  convolving  (mathe¬ 
matically)  the  recorded  waveform  with  the  indicial  admittance.  When  this  is  attempted,  though,  the  presence 
of  noise  makes  Tt” Very  difficult  to  arrive  at  the  true  waveform  of  the  incident  sound  pressure  of  the  *u- 
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ral  iufrasound. 

Or.  LI8ZK4  1  There  are  at  least  two  further  reason*  which  nay  explain  apparent  difference*  between  re- 
ault*  of  Dr,  WILSON  and  mine  1 

It  aagr  be  seen,  when  asking  ray-tracing  for  apacific  wind  and  temperature  profile* ,  that  the  propaga¬ 
tion  of  ware*  in  the  minute  range  (aa  thoee  obserced  by  Dr.  WILSON)  ie  quite  different  from  that  ob¬ 
tained  for  infraaound  in  tha  Hs-region.  Th*  doaer  tha  wave  frequency  to  the  acoustic -cut.  off,  w  , 
th*  larger  vill  l>a  difference*  in  propagation  paths  with  respect  to  the  infraaound  in  tha  Hz-r*n|e, 

2,  Aa  wa  in  Kiruna  are  using  tho  phase  detejtion  technique,  the  aanaitivity  of  our  equipment  ie  much 

larger  than  that  of  Dr.  WILSON.  So  we  are  looking  on  aignale  which  are  at  laaat  one  order  of  magnitude 
smaller  than  thoee  observed  by  Dr.  WIISOI?,  It  ia  therefore  not  aurprising  that  thare  are  a  one  diffe¬ 
rence*  between  infraaound  observed  in  two  different  frequency  ranges  and  with  differant  thro* holds  of 
detection. 


Discussion  on  paper  8  1  "On  waves  generated  by  stationary  and  travelling  source*  in  an  isothermal  atmo¬ 
sphere  under  gravity*,  by  C.H.  LIU  and  K„C.  YEH. 


Dr„  A.  FIERCE  :  Have  you  considered  the  possible  extension  of  this  theory  to  include  the  case  when  one  ia 
receiving  waves  et  a  time  when  one  just  starts  to  receive  the  gravity  wave  pulse  ?  Aa  you  knov,  there  ie 
e  maximum  group  velocity  for  gravity  vavee  between  u  and  u  ,  The  stationary  phase  approximation  breaks 
down  when  one  ia  receiving  that  frequency  for  which  She  grofp  velocity  is  a  maxima. 

Dr.  C.H,  LIU  :  Yea,  tl.ia  in  the  point  :  the  horizontal  line  t  «  ck/r  approebes  the  Oc  curve  at  u  »  w  » 

At  thia  point,  th*  ordinary  method  of  saddle  point  breaks  down,  A  modified  method  can  be  used.  It  is° 
described  for  example  in  a  paper  by  Falcon  (IEEE  Tract,  O-AP.I969).  The  solution  is  in  terms  of  Airy  func¬ 
tions  instead  of  th*  usual  sine,  cosine  function*. 

Dr.  J,  KLOOTERMSYER  1  Where  shall  mass  production  in  the  continuity  equation  come  from  1 

Dr.  C.  LIU  2  Our  analysis  attunes  th*  source  terms  are  known.  The  source  model  is  not  discussed  here. 

Prof.  H,  VOLLAND  :  Is  it  possible  t.o  discriminate  between  the  various  types  of  the  excitation  sources 
(mass,  momentum  or  energy  coupling)  from  a  comparison  between  your  theory  and  observations  T 

Dr.  C.  H.  LIU:  Ve  arc  beginning  to  look  into  this  problem.  This  depends  heavily  on  the  form  of  the  equi¬ 
valent  source  term  3,  its  spntial  and  temporal  dependence. 

Dr.  H.  RISHBETH  1  You  assume  that  the  group  velocity  of  a  wave  observed  at.  a  point  must  be  parallel  to 
the  straight  lino  from  the  source  to  that  point.  This  assumption  must  restrict  your  analysis  to  ranges 
much  less  than  an  earth  radius,  and  will  also  fail  at  ranges  for  which  waves  reflected  from  the  upper 
atmosphere  can  contribute  to  the  observed  signal. 

Dr  C.H.  LIU  1  Tha  model  we  used  is  a  flat  earth  one.  We  can  extend  the  discussion  to  include  the  curva¬ 
ture  of  ths  earth,  the  reflection,  etc..  But  the  dispersion  surface  vill  he  different.  If  the  solution 
can  be  written  formally  as  an  inverse  transform,  then  the  asymptotic  technique  we  discussed  vill  still 
•ppiy. 


Discussion  on  papers  U  and  8  : 

Dr.  J,  UMAX  :  Dr,  Pierce's  paper  shows  s  number  of  oscillations  of  the  cloud  about  its  stabilization 
altitude.  Dr  Liu's  paper  shows  s  transient  response  with  sinusoidal  oscillations  for  hundreds  of  minutes. 
As  as  experimentalist,  I  have  not  observed  these  undamped  vibrations.  My  question  is,  have  the  authors 
ignored  losses  or  demping  for  mathematical  simplicity  f 

Dr.  C.H.  LIU  :  The  loss  mechanisms  certeinly  are  very  important.  In  the  analysis,  these  loss  effects  may 
be  taken  into  account.  Also,  even  for  the  lossless  case^  the  amplitude  of  the  response  decrease*  as  the 
distance  of  the  observation  point  and  the  observation  time  increase. 

Dr.  A.  PIERCE  ;  Loss  mechanisms  on  acoustic-gravity  wave  propagation  per  *6  are  generally  negligible  at 
low  altitudes  ;  they  become  increasingly  more  important  vhen  a  vave  propagates  at  higher  altitudes.  The 
complexity  they  introduce  into  the  analysis  is  so  great  that  wave  theorists  tend  to  neglect  them  unless 
they  believe  thee*  loss  mechanisms  would  substantially  alter  their  predictions.  In  0*17  cases  the  quality 
of  applicable  data  and  the  necessity  of  making  many  assumptions  about  the  largely  unknown  ambient  state 
of  the  atmosphere  suggests  that  only  a  rough  agreement  of  theory  with  experiment  can  be  achieved,  ever 
vers  lose  mechanism*  incorporated  into  the  theory.  In  such  cases,  the  incorporation  of  loss  mechanisms 
would  seem  an  ucnscssssry  refinement  unless  they  are  of  major  significance  in  interpreting  the  general 
qualitative  characteristic*  of  th*  data.  Concerning  the  damping  of  the  cloud  oscillations,  I  believe  any 
successful  theory  should  incorporate  wave  damping.  The  theory  presented  here  it  still  in  s  rudimentary 
state.  It  should  be  qualitatively  correct  if  the  cloud  oscillates  for  several  cycles  before  becoming  suf¬ 
ficiently  damped.  Data  concerning  this  seems  to  be  largely  unavailable,  al  ongh  laboratory  scale  expe¬ 
riments  of  Me  Laron  end  Murphy  (to  be  published)  at  Mt.  Auburn  Research  Associates  suggest  2  or  3  com¬ 
plete  cycles  may  be  observed. 
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Di ,  B.  MURPHY  :  In  the  experiments  mentioned  by  Dr,  Pierce  tvo  main  type*  of  damping  are  present  |  tliat 
due  to  lateral  spreading  of  the  cloud  and  that  due  to  wave  mission,  Tha  first  type  la  traatad  theoreti- 
cally  in  our  paper,  tha  second  ia  notc  Do  nuclaar  clouda  oacillata  in  a  aannar  similar  to  tha  buoyant 
element  in  our  laboratory  T  That  la  a  question  that  can  only  ba  anavered  by  ersmiuing  tha  nuclear  taat 
data  and,  unfort unataly,  I  am  unawara  of  any  unclaaaifiad  troataant  of  thia  problan. 

Prof.  F.  VARRE8  t  Thara  are  thraa  further  relevant  comments  which  could  ba  made, 

i)  A  uniformly  atratifiad  atnoaphore  night  not  be  the  appropriate  nodal  to  uaa  because  of  narked 
temperatures  changes  with  height.  A  node!  vith  an  inversion  would  be  more  useful  in  same  cases , 

ii)  In  thia  latter  caaa,  theoretical  attempts  to  solve  a  problem  of  damping  by  gravity  waves 
{Stretenskii,  Ursell,  Varran  and  others)  indicata  that  the  ultimate  decay  of  vertical  notion  of 
a  eolid  buoyant  object  about  the  hydrostatic  equilibria  level  is  monotonic  e.g,  like  (time)- 
although  oscillation!  do  occur  at  earlier  times, 

iii)  Formulae  for  viscous  or  turbulent  drag  are  probably  unreliable  for  buoyant  air  masses  because  in 
this  case  no  boundary  layers  exist. 

Prof.  F.  WARPER  :  Certains  c cement*  might  be  made  concerning  certain  results  for  lover  atmospharic  pheno¬ 
mena  : 

i)  Mountain  lee  waves  can  be  important  sources  of  gravity  waves  in  the  uppor  atmosphere. 

ii)  Results  concerning  the  effect  of  the  Coriolis  ttra  (in  the  neutral  atmosphere)  hmve  been  conside¬ 
red  by  W,  Jones  and  othsrs, 

iii)  Results  of  certain  models  of  the  fire  ball  problan  indicate  a  nonotonic  decay. 

Dr.  B.L.  MURPHY  :  (Comment  iii) 

I  must  call  attention  again  to  the  question  of  what  fireballs  really  do  as  opposed  to  what  models  do0 

Dr.  K,  DAVIES  :  I  agree  with  Dr.  Warren  that  thia  has  been  done  for  the  neutral  atmosphere  but  should  be 
verified  for  the  combined  neutral  and  ion  gases. 
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On  dtterte  lea  ondea  acouatiquea  et  de  gravity  produitea  par  des  explosions  nuclAaires  a 
da  grandee  distances  de  leur  point  d'gmiesion  grace  A  l'emploi  de  microbarographca  sensibles,  au 
sol,  1  l'emploi  de  la  technique  Doppler  &  hautea  frfquences,  aux  altitudes  ionoaohfriques ,  et  a 
l'emploi  dee  eiaraographea  a  longuec  p£rlodes,  On  explique  la  diapersion  des  ondea  acouatiques  et 
de  gravity  au  niveau  du  aol  en  fail ant  appal  A  la  m£thode  du  mode  normal  pour  une  atmonptaire  stra- 
tifife,  Dans  le  cas  des  ondea  acouatiquca  et  de  gravity  d£tect£e*  au  niveau  du  aol,  les  modes  a- 
couatiquea  a  eoui-te  peri od e  ( periods  infSrieure  A  et.-iron  2  minutes)  prtaentent  dea  amplitudes  plus 
£l*v£ea  que  lea  modes  de  gravity  A  pfriode  longue  (periode  auptrieure  a  environ  2  minutes),  lorsque 
lea  vents  strat oapher iques  ae  d£plsrent  dans  la  direction  de  propagation  des  ondes,  Les  modes  de 
gravity  ont  dea  aaplitudea  plus  eleviee  par  vent  de  travera  ou  par  vent  vera  le  haut,  Des  enregis- 
trements  de  perturbations  ionospheriques  effectual  avec  une  sonde  Doppler  indiquent  une  predominance 
des  modes  acouatiquca  de  courte  periods  sur  lea  modes  de  gravity,  Selon  la  th£orie  du  mode  normal, 
et  la  th£orie  dee  ondes  de  Lamb,  la  deneit£  d'£nergi«,  pour  les  ondes  de  ptriode  longue,  dScrolt 
exponent iellement  au  fur  et  a  meaure  qu'on  a 5 £ 1  Are ,  et  l'Snergie  eat  insuffisante  pour  provoquer  des 
perturbations  ionosphferiques .  Des  ondea  acoustiquea  &  periods  courte  sont  dues  a  des  modes  part ielle¬ 
ment  canalises  dana  la  basse  atmosphere,  svec  dfperdition  d'energie  /ers  1' ionosphere. 
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SUMMARY_ 

Acoustic-gravity  waves  from  nuclear  explosi  ms  are  detected  at  large  distances 
from  the  source  by  sensitive  mlcrofcaropraph  cn  the  ground,  by  high  frequency  Doppler 
technique  at  Ionospheric  levels  and  by  long-period  seismographs.  The  dispersion  of 
acoustic  gravity  waves  at  the  ground  level  Is  explained  by  using  normal  mode  approach 
for  a  stratified  atmosphere.  For  acoustlc-gravlt y  waves  detected  at  the  ground  level, 
the  short-period  acoustic  modes  (period  less  than  about  2  min.)  have  hipher  amplitudes 
than  the  long-period  gravity  modes  (period  more  than  about  2  min.)  when  stratospheric 
winds  are  In  the  direction  of  propagation  of  the  waves.  The  gravity  modes  have  higher 
amplitudes  for  cross-wind  and  up-wlnd  propagation.  Dopplersonde  records  of  ionospheric 
disturbances  show  more  predominance  of  shorter-period  acoustic  modes  than  the  gravity 
modes.  According  to  che  normal  mode  theory  and  the  Lamb  wave  theory,  the  energy 
density  for  long-period  waves  decreases  exponentially  with  height  ’’rom  the  ground, 
thus  providing  Insufficient  energy  for  ionospheric  disturbances.  The  short-period 
acoustic  waves  are  due  to  partially  ducted  modes  In  the  lower  atmosphere  providing 
leakage  of  energy  Into  the  ionosphere. 

1,  INTRODUCTION 

Acoustic  gravity  waves  have  been  detected  at  ionospheric  levels  and  at  the  ground 
level  In  the  atmosphere.  Donn  and  Ewing  (1962a,  1962b)  find  Donn  and  Shaw  (1967)  have 
provided  the  records  of  pressure  fluctuation  at  ground  level  due  to  acoustic  gravity 
waves  from  nuclear  explosions  In  the  atmosphere.  Baker  (1968)  and  Baker  and  Davies 
(1968)  have  published  records  and  studies  of  ionospheric  disturbances  produced  by 
nuclear  explosions  in  the  atmosphere.  The  observations  were  made  at  Boulder,  Colorado, 
using  high  frequency  Doppler  technique. 

Acoustic  gravity  waves  can  also  get  coupled  to  the  rround.  Pecently  Savlno  and 
Fynn  (1972)  have  reported  detection  of  acoustic  gravity  waves  from  the  Chinese  nuclear 
test  of  Oct.  l<i,  1970,  on  a  worldwide  network  of  long  period  seismographs. 

Acoustic  gravity  waves  In  the  atmosphere  get  coupled  to  the  ground  through  the 
mechanism  of  static  loading.  Since  the  amplitude  of  the  coupled  seismic  wave  Is 
dependent  on  the  wavelength  of  the  atmospheric  wave,  slower  roving  disturbances  in 
the  atmosphere  due  to  wind  and  density  discontinuities  have  negligible  amplitudes  in 
comparison  to  faster  moving  acoustic-gravity  waves.  The  seismic  detection  of  acoustic 
gravity  waves  may  be  an  effective  wav  of  filtering  other  atmospheric  disturbances 
which  may  contaminate  the  microbarograph  record.  In  this  paper  we  will  not  go  further 
Into  the  mechanism  of  seismic  coupling.  Interested  readers  may  refer  to  the  recent 
paper  by  Savlno  et  al  (1972). 

2.  ACOUSTIC  GRAVITY  WAVES  IN  THE  NEUTRAL  ATMOSPHERE 

In  this  paper  we  will  be  concerned  with  acoustic  gravity  waves  whose  energy  Is 
mainly  channelled  in  the  lower  atmosphere  (below  an  altitude  of  about  100  Km)  with 
small  amounts  of  energy  leaking  Into  the  Ionospheric  heights  to  produce  disturbances 
there.  The  stratification  of  atmospheric  parameters  cause;,  dispersion  of  acoustic 
gravity  waves  and  If  the  above  argument  about  channelling  Is  correct,  a  similar 
dispersion  pattern  should  be  observed  both  In  the  ground  level  pressure  disturbance 
and  the  ionosphere  disturbance  produced  by  these  waves. 

Dispersion  curves  for  observed  ground  level  pressure  disturbance  due  to  acoustic 
gravity  waves  have  been  given  by  Donn  &  Ewing  (l^Rga,  b)  and  Donn  and  .Thaw  (1967). 
Extensive  theoretical  work  has  been  done  to  explain  the  observed  dispersion  patterns. 
Most  of  the  work  has  Involved  multi-layer  atmospheric  models  and  numerical  solution 
of  the  perturbation  equations.  Theoretical  burograms  have  been  computed  which  agree 
with  the  observations. 

The  dispersion  curves  for  observed  pressure  fluctuations  due  to  acoustic  gravity 
waves  sometimes  show.  In  addition  to  the  most  cowm  normal  dispersion  when  group 
velocity  Increases  with  Increasing  period,  Inverse  dispersion  when  the  group  velocity 
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decreases  as  the  period  of  the  waves  Increases.  Examples  of  such  dispersion  curves 
are  given  In  Fig.  1.  It  13  not  possible  to  explain  this  type  of  Inverse  dispersion 
If  we  use  reasonable  models  of  atmospheric  temperature  structure.  But  with  the  use 
of  strong  upper  winds  In  the  COSPAR  atmospheric  model  It  has  been  possible  to  explain 
the  Inverse  dispersion.  Winds  of  the  order  of  100  metern/sec  In  the  direction  of 
propagation  of  the  waves,  around  an  altitude  of  about  100  Km  were  employed.  The 
theoretical  dispersion  curves  along  with  the  observed  dispersion  pattern  for  the 
Russian  nuclear  test  of  5  Aug.  1962  la  given  In  Fig.  2,  As  may  be  seen  from  Fig.  2, 
there  Is  good  agreement  between  the  theory  and  observation. 

A  typical  pressure  record  of  acoustic  gravity  waves  (Fig.  3)  show  two  distinct 
groups  of  waves.  The  long-period  group  of  waves  (period  more  than  about  2  min)  may 
be  classified  as  gravity  modes  and  the  short  period  group  of  waves  (period  less  than 
about  2  min)  may  be  classified  a3  acoustic  modes.  We  have  found,  after  examining  the 
pressure  records  from  various  nuclear  tests,  that  the  relative  amplitudes  of  the 
gravity  and  acoustic  modes  show  considerable  variation.  Pierce  et  al.  (1971)  have 
shown  that  the  amplitude  of  the  long-period  waves  depends  only  on  the  yield  of  the 
explosion  and  the  distance  of  the  recording  station  from  the  test  site.  The  amplitude 
is  independent  of  the  variation  of  the  atmospheric  parameters  along  the  path.  The 
acoustic  modes  on  the  other  hand  are  very  sensitive  to  the  atmospheric  parameters, 
especially  in  the  lower  3ound  channel  (below  about  50  Km).  The  synthesized  barograms 
given  by  Pierce  rt  al  (1971)  is  reproduced  in  Fig.  along  with  appropriate  micro- 
barograph  records.  According  to  this  figure  the  amplitudes  of  the  acoustic  modes 
are  much  higher  in  the  downwind  direction  in  comparison  with  the  amplitudes  of  the 
acoustic  modes  in  the  upwind  direction.  The  amplitudes  of  the  acoustic  modes  for 
cross-wind  direction  have  intermediate  values.  The  amplitudes  of  the  gravity  modes 
do  riot,  change  with  the  change  in  the  direction  of  propagation.  It  is  concluded  that 
when  the  direction  of  wave  propagation  is  in  the  direction  of  the  stratospheric  winds, 
the  lower  sound  channel  is  intensified  thereby  trapping  more  energy  than  in  the  case 
of  upwind  and  cross-wind  directions  of  propagation.  During  winter  months,  when  strong 
stratospheric  winds  blow  from  the  west  in  the  middle  latitudes,  the  acoustic  modes  in 
the  pressure  waves  produced  by  nuclear  tests  in  the  Pacific  and  recorded  at  eastern 
United  States  have  very  high  amplitudes,  higher  than  the  amplitudes  of  gravity  modes. 
During  summer  when  stratospheric  winds  are  easterly,  the  acoustic  modes  have  smaller 
amplitudes  than  the  amplitudes  of  gravity  modes.  The  cases  for  Russian  nuclear  tests 
in  Novaya  Zemlya  can  be  interpreted  in  a  similar  fashion.  A  more  complete  study  of 
this  phenomenon  including  synthesized  far-fleld  Infrasonlc  pressure  fluctuation  using 
actual  temperature  and  wind  data  will  be  presented  in  a  later  paper  (Donn  and 
Ealachandran,  1972).  The  knowledge  about  the  variation  in  the  amplitudes  of  the 
acoustic  modes  are  important  for  ionospheric  studies,  because,  as  we  will  show  later, 
the  ionospheric  perturbations  are  caused  by  these  acoustic  modes  rather  than  by  the 
longer  period  gravity  modes. 

3.  ACOUSTIC  GRAVITY  WAVES  IN  THE  IONOSPHERE 

The  main  part  of  this  paper  will  be  concerned  with  an  interpretation  of  the 
acoustic  gravity  waves  from  nuclear  explosions  observed  at  ionospheric  heights.  Many 
authors  have  imported  about  these  waves,  but  we  will  be  making  special  reference  to 
the  observations  of  ionospheric  disturbances  by  high  frequency  continuous  wave  Doppler 
technique  at  Boulder,  Colorado  (Baker  and  Davies,  1968;  Baker,  1968  and  Baker  and 
Cotten,  1971).  Ionospheric  disturbances  from  the  Russian  nuclear  tests  In  Novaya 
Zemlya  as  well  as  U.  S.  tests  in  the  Pacific,  during  1961-62,  have  been  reported.  The 
arrival  time  of  each  ionospheric  disturbance  agrees  with  the  appropriate  group  velocity 
for  acoustic  gravity  waves  ducted  in  the  lower  atmosphere.  The  authors  of  the  paper 
cited  above  Interpret  the  Ionospheric  disturbances  as  being  caused  by  the  energy  of 
the  acoustic  gravity  waves  ducted  In  the  lower  atmosphere  leaking  into  ionospheric 
levels.  The  authors  have  pointed  out  the  similarities  between  the  ground  level  pressure 
oscillations  and  the  ionospheric  disturbance;  but  some  difficulties  remain.  The  most 
promlnant  wave  on  the  ground-level  microbarograph  record  is,  in  general,  a  wave  of 
period  of  about  5  minutes  and  the  record  contains  waves  of  period  from  about  5  min.  to 
about  0.5  min.  The  periods  of  waves  observed  in  the  ionospheric  disturbances  are  in 
the  range  of  about  2  min.  to  0.5  min.  Although  one  may  expect  the  longer  period 
waves,  due  to  their  higher  wave  length  and  thus  less  attenuation  at  higher  elevations, 
to  be  present  at  ionospheric  heights,  these  long-period  waves  are  not  prominent  on 
the  Doppler-sonde  records.  Also,  there  is  a  significant  difference  in  the  observable 
life-times  of  ionospheric  and  ground-level  disturbances;  the  ground-level  pressure 
disturbance  lasting  for  a  longer  time  than  the  ionospheric  disturbance.  Finally, 
following  large  nuclear  tests  the  microbarographs  have  detected  the  wave  wnlch  travell¬ 
ed  directly  from  the  explosion  to  the  detector  (the  Al  wave),  the  wave  which  travelled 
to  the  detector  along  the  longer  route,  passing  through  the  antipode  of  the  source 
(the  A2  wave),  the  second  passage  of  the  direct  wave  after  it  lias  circled  the  globe 
(A3  wave),  etc.  But  only  the  direct  wave  (Al)  has  been  detected  on  the  ionospheric 
records.  We  will  try  to  answer  these  problems  by  studying  the  properties  of  the 
various  modes  which  constitute  the  acoustic-gravity  waves. 

A  good  example  of  acoustic  gravity  waves  in  the  neutral  atmosphere  and  the  Iono¬ 
sphere  produced  by  nuclear  te3ts  is  given  in  Fig.  5  (From  Baker,  1968).  As  pointed 
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out  by  the  author,  the  similarity  between  the  waves  In  the  ionospheric  disturbance  and 
the  wavqs  on  the  microbarograph  records  In  their  group  velocities  and  frequencies  are 
remarkable  The  shorter  duration  of  the  waves  on  the  Doppler  sonde  record  may  be 
noted.  Also  the  present  author  believes  that  there  are  no  waves  on  the  Doppler  sonde 
record  which  correspond  to  the  first  roughly  four  long-period  waves  on  each  of  the 
microbaropraph  records.  The  long  period  waves  seen  on  the  Ionospheric  record  prior 
to  about  2230  UT  are,  according  to  the  present  author,  in  the  background,  similar  to 
the  waves  seen  on  the  record  after  about  2310  and  that  these  waves  are  not  connected 
with  the  nuclear  teat.  Fig.  6  shows  another  cane  where  waves  of  period  about  300  sec 
are  present  on  the  mlcrobarograph  record  but  are  absent  on  the  Doppler  sonde  record. 
Both  records  show  waves  of  period  less  than  about  100  sec.  Thus,  although  the  micro- 
barograph  record  contains  waves  with  periods  from  about  300  to  30  seconds,  the  doppler 
record  shows  only  waves  with  periods  less  than  about  100  sec.  According  to  the 
terminology  of  Fa lachandran  (1968),  the  mlcrobarograph  records  show  waves  corresponding 
to  gravity  and  acoustic  modes  for  a  multilayer  atmosphere  whereus  the  record  of  the 
Ionospheric  disturbance  shows  waves  corresponding  to  the  acoustic  modes  only.  An 
explanation  as  to  why  gravity  modes  are  not  seen  on  Doppler  records  will  be  given 
later. 


The  similarity  In  the  dispersion  pattern  of  the  mlcrobarograph  and  the  doppler 
records  Is  evident  from  Fig.  7.  Fig.  7(a)  shows  the  running  spectrum  analysis  of  the 
short-period  part  of  the  Poughkeepsie,  N.  Y.  pressure  record  for  the  U.  S.  Nuclear 
test  of  Oct.  30,  1962.  The  diagram  shows  the  variation  of  the  spectral  characteristics 
of  the  signal  with  time.  It  may  be  observed  from  the  figure  that  the  period  of  the 
waves  gradually  increases  from  about  60  sec.  to  about  90  sec.  with  time  (this  corre¬ 
sponds  to  Inverse  dispersion  in  group  velocity)  and  then  decreases  from  about  90  sec 
to  about  50  sec  (this  corresponds  to  normal  dispersion  in  grouo  velocity).  Fig.  7  (b) 
which  is  a  running  spectrum  analysis  for  the  record  of  ionospheric  disturbance  et 
Boulder  for  the  same  te3t,  show3  similar  dispersion  pattern;  Inverse  dispersion  from 
a  period  of  about  60  sec  to  about  100  sec  and  normal  dispersion  from  about  100  sec  to 
about  60  sec. 


So  much  for  the  similarities  of  the  waves  observed  at  Ionospheric  and  ground 
levels.  The  absence  of  long-period  waves  on  the  records  of  iorospheric  disturbance 
Is  explained  below.  Pfeffer  and  Zarichny  (1963)  and  Baiachandran  (I960)  have  shown 
that  the  long  period  waves  observed  at  the  ground  level  are  governed  by  the  quasi- 
horizontal  parts  of  the  theoretical  dispersion  curves  for  a  multilayer  atmosphere. 

The  energy  density  for  waves  corresponding  to  these  parts  of  the  curves  decreases 
monotonlcally  with  height  from  the  ground.  hater,  Garrett  (1969),  Dretherton  (1969) 
and  Pierce,  Posey  and  Illlff  11971)  have  shown  that  for  acoustic  gravity  waves  of 
period  more  than  about  2  min.  the  properties  01  the  waves  can  be  explained  by  Invoking 
a  modified  form  of  Lamb's  edge  wave  theory.  The  energy  density  for  these  waves 
decreases  exponentially  with  height  from  the  r round  and  the  particle  motions  are 
horizontal.  According  to  Bretherton  (1969)  tie  energy  for  these  waves  is  located 
mainly  in  the  lowest  32  Km.  of  the  atmosphere.  The  heory  is  applicable  when  the 
variation  of  sound  speed  and  wind  speed  with  height  Is  small  in  comparison  with  the 
sound  speed  at  the  ground  and  the  wavelength  of  the  waves  Is  sufficiently  large.  The 
theory  is  valid  for  waves  with  period  greater  than  about  2  min.  As  the  wavelength 
becomes  smaller,  the  effect  of  the  variation  of  temperature  and  wind  becomes  more 
significant  and  the  Lamb-wave  theory  is  not  applicable  for  waves  with  period  less  than 
about  2  min.  Energy  for  these  short-period  waves  is  concentrated  in  the  atmospheric 
sound  channels.  Thus,  according  to  both  the  normal  mode  theory  and  the  Lamb  wave 
theory  the  energy  distribution  for  waves  of  period  more  than  about  2  min  Is  such  that 
sufficient  energy  does  not  reach  ionospheric  levels  to  cause  any  disturbance  there, 
which  explains  the  absence  of  these  long-period  waves  on  the  Poppler-sonde  records. 

To  Illustrate  the  above  reasoning  a  plot  of  the  vertical  variation  of  the  amplitudes 
of  perturbation  pressure,  vertical  velocity  and  kinetic  energy  density  for  acoustic 
gravity  waves  (normal  mode  theory)  of  period  282  sec.  Is  shown  in  Pig.  8.  The  theory 
and  computational  procedure  used  to  obtain  these  curves  are  explained  by  Baiachandran 
(1968).  Appropriate  temperature  and  wind  data  was  Used  to  generate  the  dispersion 
curves  and  the  vertical  profiles  of  wave  parameters .  The  data  used  was  appropriate 
for  the  waves  received  at  Poughkeepsie,  N.  Y.  from  the  nuclear  test  in  the  Pacific 
on  October  30,  1962.  The  exponential  decrease  of  kinetic  energy  density  and  pressure 
with  height  is  evident  from  the  figure.  (The  plots  are  in  arbitrary  units  normalized 
with  respect  to  the  pressure  at  the  ground).  Although  the  amplitude  of  the  vertical 
velocity  shows  an  Increase  above  100  Km.  the  amount  of  kinetic  energy  available  is 
not  sufficient  to  cause  any  disturbance  at  Ionospheric  heights. 

In  the  case  of  acoustic  gravity  waves  with  period  less  than  about  2  min.,  which 
corresponds  to  the  acoustic  modes  In  the  normal  mode  approach,  the  picture  Is  quite 
different.  Fig.  8  also  shews  pressure,  vertical  velocity  and  kinetic  energy  density 
profiles  for  waves  with  period  9f*  sec  and  69  sec  respectively.  The  data  used  in  the 
computation  was  the  same  as  that  for  the  waves  with  the  period  of  28?  sec.  It  may 
be  noticed  that  rather  than  decreasing  exponentially  with  height,  the  energy  Is  chan¬ 
nelled  In  the  sound  channel  below  about  100  km  in  the  atmosphere.  This  Is  clear  from 
the  kinetic  energy  density  profile  in  the  figure.  The  ionospheric  disturbance  may  be 
explained  as  being  produced  by  the  small  amount  of  energy  leaking  from  the  duct.  The 
profiles  In  Pig.  8  may  not  clearly  show  this  picture  because  these  profiles  are  plotted 
for  fully  ducted  modes  (by  utilizing  a  semi-infinite  layer,  at  the  tori  of  the  atmos¬ 
pheric  model,  In  which  the  energy  density  decreases  exponentially  with  height)  of 
acoustic  gravity  waves.  But  the  ducting  process  may  be  explained  bv  the  diagram  and 
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If  we  imagine  that  the  duet  Is  slightly  imperfect,  the  picture  of  acoustic  waves  In  the 
ionosphere  becomes  clear. 

The  reason  wh.v  only  the  waves  which  travel  along  the  snortest  path  on  the  globe 
are  detected  at  Ionospheric  levels  may  be  explained  as  follows.  The  short-period 
acoustic  modes  get  attenuated  when  they  travel  along  the  longer  path  (A2  wave,  A3  wave 
etc.)  and  only  the  long-period  gravity  modes  have  sufficient  amplitudes  to  be  detected 
by  the  ml crobarograph  at  the  ground  level  .  .Since  the  gravity  modes  do  not  produce 
ionospheric  disturbances,  as  we  discussed  earlier,  1  c  signal  is  detected  at  ionospheric 
levels  which  correspond  to  A2  waves,  A3  waves  etc.  which  nre  detected  at  the  ground 
level . 

To  summarize,  acoustic  gravity  waves  with  periods  more  than  about  2  minutes 
produced  by  nuclear  explosions  are  not  detected  at  Ionospheric  heiphts,  because  their 
enerpy  is  confined  to  lower  levels  of  the  atmosphere.  Waves  with  period  less  than 
about  2  min.  are  detected  at  Ionospheric  levels.  These  waves  travel  as  partially 
ducted  waves  In  the  neutral  atmosphere  with  enerpy  leaking  to  Ionospheric  levels  to 
cause  disturbances  there. 

It  may  be  pointed  out.  that  In  this  paper  we  are  considcrinp  only  Ionospheric  and 
neutral  atmospheric  waves  which  travel  with  a  proup  velocity  rouphly  equal  to  the 
velocity  0f  sound  near  the  pround  and  not  the  hipher  proup  velocity  waves  reported  by 
Tolstoy  and  Herron  (1970). 
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Fig.  1  Empirical  dispersion  curves  showing  normal  and  inverse  dispersion  of  acouctlc- 
gravity  waves  from  the  Soviet  r.uelear  test  of  October  ?3,  1961,  recorded  at 
various  stations  around  the  globe  (From  Donn ,  Pfeffer  and  Ewing,  1963) 


Fig.  ?.  Theoretical  dispersion  curves  showing  normal  and  Inverse  dispersion  for  a 
temperature  and  wind  stratified  atmosphere.  The  points  enclosed  in  small 
squares  are  empirical,  for  the  mlcrobarogram  at  Palisades,  tJ .  Y.  following 
the  Soviet  nuclear  explosion  of  Aug.  5,  1962. 
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Pip.  3.  Pressure  fluctuations,  recorded  at  Berkley,  California  due  to  air  waves  from 
the  V.  S.  nuclear  test  in  the  Pacific  on  Oct.  30,  1962.  The  arrow  indicates 
rouphly  the  separation  of  shorter  period  acoustic  inodes  from  the  pravity 
inodes . 


Pip.  4 .  Theoretical  mlcrobaroprams  at  a  distance  of  10,000  km  from  the  source  in 

various  directions  with  respect  to  the  wind.  (Top  elpht  Curves,  from  Pierce 
et  al.,  1971).  Appropriate  empirical  microbaroprums  are  shown  at  the  bottom 
of  the  figure. 


121 


30-31  OCTOBER  1962 


j 

J 


Flp-.  5.  Comparison  of  mlcrobarograms  obtained  at  Poughkeepsie,  New  York  (a)  and 
Berkley,  California  (b)  with  ionospheric  disturbance  above  Boulder(c) 
following  the  nuclear  explosion  of  October  30,  1962.  (From  Baker,  I960) 
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Fig.  6.  Comparison  of  the  records  of  ionospheric  disturbance  above  Boulder  (a)  with 
the  microbarogram  at  Palisades,  New  York  (b)  following  the  Soviet  nuclear 
test  of  Sept.  10,  1961  in  Nova.va  Zemlya.  The  absence  of  long  period  waves 
on  the  Doppler  record  may  he  noticed. 
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9.  Plot  of  perturbation  pressure  (p)  vertical  velocity  (w)  and  kinetic  energy 
density  (K.E.)  for  waves  with  various  periods.  (The  period  In  seconds  Is 
shown  near  each  curve ) . 
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MISE  AU  POINT  D'UN  MODEL!.  KEPRESENTANT  DES  SOURCES  NUCLEAlRES 
GEhtRATRICES  D'OMJES  ACOUSTIOUES  ET  DE  GRAVITL 


par 

B,l,  Niirphy  et  S.L.  kahalas 


SOMA  IRE 


Inn  auteurs  £tudient  I«  rapport  entre  Xea  mouvements  hydrodynamiques  creia  par  une  ex¬ 
plosion  i  foible  altitude  st  lea  perturbations  ionosphtriques  qui  en  r£sultent,  11s  considcrent 
l'eode  de  choc  ascendants  et  la  Ixj ule  da  feu  qui  e'£live  ccesne  constituent  toutes  deux  des  sour¬ 
ces  taydrodynaniques .  11s  aontrent  que  l'on  peut  distinguer  differentes  parties  dans  le  front  de 
choc  auivont  la  perturbation  ionosphlrique  qu'ellee  crgent,  1*  partie  du  front  de  choc  rtflechie 
par  la  niveau  d'altitude  100  1  12C  km  produit  des  pfr lodes  de  perturbation  de  l'ordre  d'une  minute 

pour  une  explosion  d'une  a^gatonne .  La  partie  de  1'onde  de  choc  qui  se  propage  au-dessus  de  100- 

120  kn  eat  reaponsahle,  par  un  processus  non-lin£aire  complexe,  de  p$riodes  de  perturbation  exc£- 
dant  10  minutes,  Les  auteurs  montrent  que  la  bo ule  de  feu  a  une  aptitude  maxim  ale  a  engendrer  des 
oodea  acouutiquas  at  da  gravity  lorsqu'elle  atteint  son  altitude  de  stabilisation  et  tend  a  un 
Cquilibra  hydrodynamique  avec  l'atmosph<?re,  La  theorie  et  les  experiences  effectuees  en  laboratoirc 
■entrant  qua  la  boule  de  feu  produit  alors  un  spectre  d'ondec  avec  des  somnets  correspondant  a  des 

piriod as  ligireaent  plus  longues  que  la  plriode  nmbiante  de  Brunt-VCishla  (=■  5  minutes). 
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SUMMARY 

The  relationship  between  hydrodynamic  motions  caused  by  a  low  altitude  explosion  and  subsequent 
Ionospheric  disturbances  is  reviewed.  Both  the  upward  going  shock  and  the  rising  fireball  are  consider¬ 
ed  as  hydrodynamic  sources.  It  is  shown  that  different  portions  of  the  shock  front  may  be  classified  in 
terms  of  the  ionospheric  disturbance  they  create.  The  portion  of  the  shock  front  reflected  from  the  100- 
120  km  altitude  level  produces  disturbance  periods  the  order  of  a  minute  for  a  megaton  detonation.  The 
portion  of  the  shock  front  which  propagates  above  the  100-120  km  level  Is  responsible*  through  a  com¬ 
plex  nonlinear  process,  for  disturbance  periods  in  excess  of  10  minutes.  It  is  shown  that  the  fireball 
is  most  efficient  in  generating  acoustic-gravi ty  waves  when  it  reaches  its  stabilization  altitude  and 
approaches  hydrodynamic  equilibrium  with  the  atmosphere.  Theory  and  laboratory  experiment  indicate  that 
the  fireball  then  produces  a  wave  spectrum  peaked  at  periods  slightly  longer  than  the  ambient  Brunt- 
Vafsala  period  (  »  5  minutes). 

1.  INTRODUCTION 

It  Is  known  that  large  yield  nuclear  explosions  result  in  ionospheric  disturbances  which  can  be 
observed  by  electromagnetic  means  at  great  distances  from  the  explosion  site.  It  is  also  widely  recogniz¬ 
ed  that  these  disturbances  are  a  result  of  acoustic-gravity  waves  whose  propagation  is  supported  by  the 
neutral  fluid  component  of  the  ionosphere.  A  recent  bibliography  contains  many  references  to  observations 
and  theory  relating  to  detonation  produced  disturbances  {THOMAS,  J.  E.,  et  al.,  1971). 

Much  of  the  previous  theoretical  development  deals  with  wave  propagation  rather  than  source 
modeling.  It  is  to  the  latter  topic  that  this  paper  is  devoted.  In  the  subsequent  discussion  we  outline 
how  the  hydrodynamic  motions  near  a  nuclear  detonation  result  in  the  generation  of  acoustic-gravity  waves 
and  how  the  properties  of  these  waves  are  determined  by  the  explosion  parameters.  That  is,  how  onset 
time,  amplitude,  and  period  of  the  ionospheric  disturbance  are  related  to  explosion  yield  and  height  of 
burst. 


Because  we  concentrate  on  source  modeling,  we  will  not  discuss  wave  propagation  except  insofar 
as  it  is  necessary  to  do  so  to  relate  theoretical  predictions  to  observations.  Similarly,  we  do  not 
consider  how  the  neutral  fluid  motions  determine  ionospheric  electron  densities  and  hence  the  ultimate 
electromagnetic  effect.  This  difficult  problem  has  been  treated  by  a  number  of  authors  (for  example, 
HOOKE,  W.  H.,  1968). 

Our  treatment  is  limited  to  low  altitude  detonations  where  the  initial  energy  deposition  may  be 
assumed  to  be  local  and  spherically  symmetric.  For  this  type  of  detonation  both  the  shock  and  the  fire¬ 
ball  can  generate  acoustic-gravity  waves.  The  mechanisms  which  will  be  discussed  are  as  follows: 

a.  The  direct  effects  of  the  shock  are  manifest  as  ionospheric  signals  with  periods 
the  order  of  a  minute  for  a  megaton  detonation,  the  period  being  determined  by 
the  positive  phase  duration  of  the  shock  when  it  reaches  the  ionospheric  level. 

The  acoustic  signal  in  this  case  undergoes  multiple  reflections  between  tne 
ground  and  the  base  of  the  ionosphere.  The  ducting  is  imperfect  at  the  upper 
level  and  energy  continuously  leaks  into  the  ionosphere. 

b.  In  addition,  the  short  period  (order  of  a  minute)  hydrodynamic  motions  that 
characterize  the  shock  as  it  enters  the  ionosphere  above  the  burst  evolve  into 
long  period  (10  minutes  and  more)  disturbances  through  a  highly  nonlinear  pro¬ 
cess  occurring  at  the  100-120  km  altitude  level.  This  phenomenon,  which  has 
been  demonstrated  by  numerical  calculations  (GREENE,  J.  S.,  Jr.  and  W.  A. 

WHITAKER,  1968),  involves  a  refraction  and  folding  over  of  the  shock  due  to  the 
rapid  change  in  ambient  temperature  at  this  level.  Long  period  wave  propaga¬ 
tion  due  to  this  mechanism  commences  at  10  minutes  or  more  after  the  detonation. 

This  time,  which  is  when  the  effective  excitation  appears  to  have  begun  accord¬ 
ing  to  a  distant  observer,  is  the  time  required  for  the  shock  to  reach  the 
ionospheric  level  and  for  the  long  period  fluid  motions  to  become  established. 

c.  The  fireball  is  most  efficient  in  generating  acoustic-gravity  waves  when  it  has 
reached  its  terminal  or  stabilization  altitude.  It  then  approaches  hydrodynamic 
equilibrium  with  the  atmosphere  on  a  time  scale  comparable  with  the  Brunt-Vaisala 
period,  the  natural  oscillation  period  of  the  atmosphere.  This  is  also  approxi¬ 
mately  the  time  required  for  the  fireball  to  reach  its  terminal  altitude  and  wave 
generation  to  being.  For,  as  will  be  shown,  the  fireball  is  not  an  efficient 
emitter  of  waves  during  the  early  portions  of  its  rise. 

Acoustic-gravity  wave  generation  during  fireball  terminal  phase  has  been  modeled 
in  the  laboratory  and  these  experimental  studies  will  be  described. 
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As  shown  below,  for  megaton  range  detonations  the  energy  available  for  wave 
generation  by  the  fireball  Is  comparable  to  the  energy  available  for  long 
period  wave  generation  by  the  shock.  However,  the  dominant  frequency  of  the 
waves  generated  by  fireball  stabilization  is  only  slightly  less  than  the 
8runt-Va1 sala  frequency  and  waves  of  this  frequency  propagate  at  relatively 
steep  angles  to  the  horizontal.  For  this  reason  the  fireball  mechanism  may 
only  be  capable  of  producing  Ionospheric  disturbances  in  the  immediate  vicin¬ 
ity  of  the  burst  location. 

These  general  remarks  are  discussed  in  more  detail  in  the  succeeding  sections.  We  first  dis¬ 
cuss  the  shock  and  then  the  fireball  mechanism.  We  then  assess  the  importance  of  these  mechanisms  in 
terms  of  the  resulting  Ionospheric  effects, 

2.  SHOCK  WAVE  GENERATION  OF  ACOUSTIC-GRAVITY  WAVES 

It  is  useful  to  first  consider  the  propagation  of  the  shock  front  as  it  is  refracted  by  the 
atmosphere.  Different  portions  of  the  shock  are  refracted  differently.  This  leads  to  a  classification 
of  different  portions  of  the  shock  front  in  terms  of  the  types  of  ionospheric  disturbance  that  they  create. 

At  some  distance  from  the  burst  point  the  shock  becomes  weak,  that  is,  the  relative  overpressure 
aP/P  becomes  much  less  than  unity.  aP  is  the  overpressure  and  P  is  the  ambient  Dressure.  For 
example,  for  a  megaton  detonation  aP/P  =  .1  at  about  9  km  ^lEHTO,  D.  L.  and  R.  A.  Larson,  1969).  When  the 
shock  becomes  weak  the  effects  of  atmospheric  stratification  and  winds  become  important. 

An  example  of  ray  tracing  calculations  for  a  realistic  (but  windless)  atmosphere  is  shown  in 
Figure  1  (BARRY,  G..  1963)  for  a  source  located  at  the  ground.  The  figure  does  not  include  any  non¬ 
acoustic  propagation  effects  such  as  those  arising  near  the  source  where  the  shock  is  strong.  The  initial 
ray  angles  in  Figure  1  start  at  zero  degrees  to  the  horizontal  and  increase  in  5°  increments.  The  ultimate 
behavior  of  different  portions  of  the  shock  front  is  determined  by  the  Initial  angle  of  propagation  relative 
to  the  horizontal  as  indicated  in  Figure  1.  As  this  angle  is  increased  the  different  types  of  disturbance 
are: 

a.  Acoustic  disturbances  reflected  back  toward  the  earth  before  reaching  the 
ionosphere.  In  Figure  1  this  corresponds  to  initial  angles  of  less  than 
20°.  This  type  of  signal  may  undergo  repeated  reflections  between  the 
ground  and  some  higher  level,  in  Figure  1  the  40  km  region  of  the  strato¬ 
sphere,  where  suitable  temperature  and  wind  conditions  exist.  When  this 

-  portion  of  the  shock  front  becomes  weak  it  may  be  repeatedly  split  by 

winds  resulting  in  a  mutipulse  type  o'  infrasonic  signal  (MEECHAM,  W.  C., 

1968). 

b.  The  direct  shock  which  reaches  the  100-120  km  level  of  the  ionosphere 
before  being  reflected  at  the  region  of  very  sharp  temperature  increase. 

This  signal,  which  corresponds  to  the  Interval  from  20°  to  perhaps  35° 
in  Figure  1,  can  be  ducted  between  the  base  of  the  Ionosphere  and  the 
ground  as  shewn.  As  discussed  below,  leakage  from  the  upper  portion  of 
the  duct  to  the  Ionosphere  is  probably  responsible  for  acoustic-wave 
disturbances  observed  in  the  ionosphere  (BAKER,  D.  M.  and  K.  Davies,  1968). 

c.  A  portion  of  the  shock  front  which  propagates  into  the  thermosphere  beyond 
the  100-120  km  level.  This  corresponds  to  angles  of  more  than  about  35°  In 
Figure  1.  Numerical  calculations  of  the  nonlinear  hydrodynamics  done  by 
Greene  and  Whitaker  (1968),  which  are  discussed  below,  show  that  this  por¬ 
tion  of  the  shock  loses  much  of  its  energy  in  the  creation  of  a  horizontally 
propagating  disturbance  behind  the  front. 

This  disturbance  is  believed  to  be  responsible  for  the  very  long  period 
ionospheric  perturbations  observed  at  great  distances  following  large  yield 
explosions . 

Our  concern  in  the  following  is  with  the  portion  of  the  shock  front  which  reaches  the  100-120  km 
altitude  level.  Throughout,  only  the  primary  shock  wave  is  considered  and  secondary  shocks  due  to  reflec¬ 
tion  from  the  fireball  or  the  ground  are  neglected. 

We  first  determine  the  properties  of  the  upward  going  shock  at  the  100-120  km  altitude  level. 

We  then  discuss  the  relationship  of  these  shock  properties  to  the  properties  of  short  period  ionospheric 
disturbances.  Finally  we  discuss  the  nonlinear  process  at  the  100-120  km  level  which  results  in  the  gen¬ 
eration  of  long  period  ionospheric  disturbances. 

2.1  The  Upward  Going  Shock 

In  this  section  we  will  calculate  the  relative  overpressure  and  the  positive  phase  duration  of 
the  shock  at  the  base  of  the  ionosphere  as  functions  of  yield  and  height  of  burst.  These  results  are  sub- 
seguently  used  to  relate  ionospheric  disturbance  properties  to  explosion  parameters.  To  determine  the  pro¬ 
perties  of  the  upward  going  shock  a  simplified  scaling  law  known  as  modified  Sachs  scaling  Is  used  (LUTZKY, 
M.  and  0.  L.  Lehto,  1968)  together  with  weak  shock  theory  (REED,  S.  G.,  Jr.,  1959). 

According  to  modified  Sachs  scaling  the  relative  overpressure,  in  an  inhomogeneous  atmosphere,  at 
a  distance  r  from  an  explosion  where  the  ambient  pressure  is  P(r),  is  just  the  same  as  if  the  explosion  had 
occurred  in  a  homogeneous  atmosphere  with  ambient  pressure  P(r).  That  is: 
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where  Y  is  the  explosion  yield  and  f  is  the  function  which  gives  tne  relative  overpressure  in  a  homogeneous 
atmosphere.  An  example  of  the  application  of  modified  Sachs  scaling  is  sho\m  in  Figure  2  where  we  compare 
the  predictions  of  this  scaling  with  the  results  of  SAP  and  SHELL  calculations  for  relative  overpressure 
versus  distance.  SAP  is  a  one  dimensional  Lsqrangian  hydrodynamic  code  and  SHELL  is  a  two  dimensional 
Eulerian  hydrodynamic  code.  These  calculations  are  for  shock  propagation  at  45°  from  the  horizontal  due  to 
a  4  MT  Isothermal  sphere  at  5  km  altitude  (GREENE,  J.  S.,  Jr.,  personal  communication,  1971).  The  modified 
Sachs  scaling  curve  has  been  constructed  using  the  1962  Standard  atmosphere  for  the  ambient  pressure  P(r) 
and  the  homogeneous  atmosphere,  real  air,  calculations  of  Lehto  and  Larson  (1969)  for  the  function  f 
occurring  in  Eq .  (1).  Notice  that  the  SHELL  calculation  consistently  gives  somewhat  higher  relative  over¬ 
pressures  below  100  km  altitude  than  does  SAP.  This  Is  because  it  Includes  the  effects  of  fireball  rise 
which  SAP  does  not.  The  rising  fireball,  particularly  for  large  yields,  prevents  the  shock  from  relieving 
backwards.  At  very  small  angles  from  the  horizontal  the  differences  between  SHELL  and  SAP  are  negligible'. 
Both  SHELL  and  SAP  show  a  drop  In  relative  overpressure  commencing  at  about  100  km  altitude.  The  reason 
for  this  and  its  relation  to  acoustic-gravity  wave  generation  at  the  ionospheric  level  will  be  discussed 
shortly.  First  we  continue  the  discussion  of  modified  Sachs  scaling  and  the  upward  shock  propagation. 

It  is  not  entirely  clear  why  modified  Sachs  scaling  works  as  well  as  it  does.  However,  in  this 
example,  as  well  as  in  others  not  shown  here,  modified  Sachs  scaling  is  definitely  more  accurate  than  scal¬ 
ing  of  distance  with  respect  to  ambient  pressure  at  the  detonation  altitude.  Because  modified  Sachs  scaling 
is  expected  to  become  more  Inaccurate  with  Increasing  distance,  we  use  It  only  to  obtain  starting  values 
near  the  burst  point  for  the  application  of  weak  shock  theory.  In  using  weak  shock  theory  to  obtain  scaling 
laws  for  the  shock  properties  on  entering  the  ionospheric  level  we  make  two  simplifying  assumptions:  First, 
that  the  atmosphere  can  be  approximated  as  exponential.  Second,  that  in  spite  of  refractive  effects,  each 
portion  of  the  shock  front  propagates  independently  with  its  own  effective  radius  of  curvature.  These 
assumptions  are  justified  by  the  fact  that  we  treat  shock  propagation  in  the  atmosphere  below  120  km  altitude 
where  the  scale  height  is  approximately  constant  and  by  the  fact  that  we  only  consider  the  portion  of  the 
shock  front  which  is  not  seriously  refracted  (i.e.  reflected)  before  reaching  the  altitude  in  question. 


For  reasons  which  appear  below  we  begin  using  weak  shock  theory  at  a  distance  r0  where  c.P/P  = 
rtpg/po  first  equals  0.2.  Assuming  that  the  atmosphere  near  the  burst  may  be  approximated  as  exponential 
this  value  of  the  function  f  occurring  in  Eq.  (1)  corresponds  to  (LEHTO,  D.  L.  and  R.  A.  Larson,  1969): 
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where  Y  is  the  yield  in  kilotons,  and  P.  is  the  ambient  pressure  at  the  burst  point  in  atmospheres.  H  Is 
the  effective  scale  height  in  kilometers  for  the  (upward)  direction  being  considered. 


At  distances  r  >  rQ  we  use  t.he  weak  shock  equations  derived  by  Reed  (1959).  These  are: 
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where  t  is  the  positive  phase  duration  of  the  shock,  y  is  the  ratio  of  specific  heats,  and  c  is  the  speed 
of  sound.  Nonlinear  (weak  shock)  effects  are  contained  in  Eg.  (3)  within  the  factor  t°/t,.  This  factor 
as  given  by  Eq.  (4)  Includes  both  the  effects  of  dissipation  at  the  shock  front  and  positive  phase  length¬ 
ening  due  to  the  supersonic  front  velocity. 


The  dependence  of  tf  ori  values  of  rQ  may  be  eliminated  by  taking  the 
Eqs.  (3)  and  (4)  and  combining  to  obtain: 
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where  f*  Is  the  derivative  of  f  with  respect  to  Its  argument  and  Is  the  value  of  n  for  a  homogeneous 
atmosphere  (H  -»  «■).  The  quantity  Is  plotted  vs.  relative  overpressure  In  fig.  3,  Note  that,  consis¬ 
tent  with  Figure  2,  the  minimum  value  of  A P/P  corresponding  to  n  =  0  occurs  at  r  =  3H,  that  Is  at  an 
altitude  3  scale  heights  above  the  burst  point. 

Combining  Eqs.  (6)  -  (8)  we  obtain; 
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At  r  *  r  ,  aP0/P0  '  2,  and  according  to  Figure  3,  n.  =  -  ,  .  Thus  we  obtain  from  Eq.  19): 
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which  permits  Eqs.  (3)  and  (4)  to  be  written  as: 
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where  rfl  is  given  by  Eq.  (2)  and  where  the  exponential  integral  E^  is  defined  as; 
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At  the  base  of  the  Ionosphere  (considering  only  low  altitude  detonations)  the  term  e 
E1  (k)  domlna1;es  ln  the  radicals  occurring  in  Eqs.  (11)  and  (12)  and  furthermore  may  be  Approximated  as 
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Eqs.  (11)  and  (12):  0 
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The  factor  e  may  be  neglected  since  rp  cannot  be  larger  than  3H,  the  reason  belnq  that 

AP/P  »  .2  must  occur  before  the  minimum  at  r„  =  3H  if  it  is  to  occur  at  all.  (According  to  Eq.  (2), 

AP/P  does  not  become  as  small  as  .2  for  sea  level  yields  in  excess  of  60  MT.)  We  set  r/l!  "  (r-7h)/HK,  where 

-VHs 

z  Is  the  shock  altitude,  Is  the  burst  altitude  (e  =  P5),  and  Hs  is  the  scale  height  in  the  vertical 

direction.  Then  taking  H*  =  7  km,  y  *  1.4,  and  c  =  .31  km/sec  as  representative  values  below  120  km  alti¬ 
tude  we  obtain  the  final  form  of  our  expressions  for  the  shock  positive  phase  duration  and  relative  over¬ 
pressure: 
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For  4MT  at  5  km  and  for  shock  propagation  at  45°  from  the  horizontal  Eq.  (17)  predicts  aP/P  -  1.2 
at  100  km  altitude.  The  SAP  and  SHELL  results  shown  in  Figure  1  both  give  about  aP/P  =  1.6  at  this  alti¬ 
tude.  That  the  agreement  is  only  approximate  is  not  surprising  in  view  of  the  several  assumptions  made  and 

in  particular  due  to  the  fact  that  the  weak  shock  theory  employed  becomes  inaccurate  when  AP/P  i  1.  For 
smaller  yields  or  propagation  closer  to  the  horizontal  the  theoretical  results  should  be  more  accurate. 

The  properties  of  the  shock  when  It  reaches  the  ionospheric  level  are  given  by  Eqs.  (16)  and  (17) 

These  properties,  which  will  be  used  in  the  subsequent  discussion,  are  as  follows: 
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a.  The  relative  overpressure  and  positive  phase  duration  are  both  proportional 
to  cube  root  of  yield. 

b.  Both  relative  overpressure  and  positive  phase  duration  are  Insensitive  to 
height  of  burst  at  least  for  low  altitude  detonations.  Taking  z  to  be  100  km 

-zb/M 

and  recalling  that  Pfa  »  e  where  H  is  taken  to  be  7  km  we  find  that  the 

respective  height  of  burst  dependences  are:  t+  %  [l  +  z^/59l  and  aP/P  % 
f  1  +  Z5/ 1 45 J  ,  where  zb  is  In  kilometers.  *-  ■* 

c.  For  a  given  altitude  the  positive  phase  duration  Is  Independent  of  range  and 
the  relative  overpressure  decreases  linearly  with  range. 

d.  A  megaton  detonation  at  sea  level  has  a  positive  phase  duration  of  about  39 
seconds  at  100  km. 

2.2  Direct  Effects  of  the  Shock 

We  believe  the  direct  effects  of  the  shock  to  be  the  source  of  the  may  observations  of  iono¬ 
spheric  disturbances  following  nuclear  tests  with  periods  between  30  seconds  and  10  minutes,  periods  of 
about  a  minute  being  predominant  (BAKER,  0.  M.,  1968).  These  disturbances  were  observed  by  a  doppler 
technique  between  altitudes  of  150  and  200  km  and  appeared  to  propagate  at  speeds  of  about  300  meters/sec. 
Typically  the  explosions  involved  were  the  order  of  a  megaton. 

An  example  is  shown  in  Figure  4  of  the  ulsturbance  observed  following  the  United  St.atest  megaton 
range  detonation  Housatonic  on  30  October  1962  (GLASSTONE,  S.,  1964,  pg.  677e).  BAKER  (1968)  points  out 
that  a  feature  occurs  on  4  MHz,  which  Is  reflected  from  180  km,  about  17  seconds  earlier  than  a  5  MHz,  which 
is  reflected  from  190  km.  He  finds  therefore  that  the  disturbai  ce  was  propagating  upward  with  a  speed 
approximately  equal  to  the  local  sound  speed.  On  this  basis  ana  because  of  the  known  acoustic  ducting 
properties  of  the  atmosphere  he  hypothesizes  that  the  acoustic  signal  has  the  bulk  of  its  energy  confined 
in  a  duct  below  110-120  km  altitude  and  that  it  is  leakage  from  this  duct  that  is  responsible  for  the 
ionospheric  disturbance. 

The  point  we  wish  to  make  is  that  the  observed  periods  of  these  ionospheric  disturbances  are 
approximately  the  same  as  the  periods  which  the  shock  from  a  megaton  range  explosion  would  contain  on  reach¬ 
ing  the  ionospheric  level.  We  say  approximately  because  among  other  things  it  is  not  clear  whether  the 
periods  contained  in  the  shock  are  the  order  of  ?t+  or  some  slightly  larger  value.  In  terms  of  Figure  1 
this  means  that  the  portion  of  the  shock  which  initially  propagates  at  angles  of  from  about  20°  to  35°  is 
responsible  for  these  short  period  ionospheric  disturbances. 

Ionospheric  disturbances  with  periods  greater  than  10  minutes,  which  we  now  discuss,  are  related 
in  a  complex  manner  to  the  portions  of  the  shack  which  initially  propagate  at  steeper  angles  to  the  hori¬ 
zontal  . 

2.2  Long  Period  Acoustic-Gravity  Wave  Generation  by  the  Upward  Going  Shock 

As  previously  noted.  Figure  2  shows  a  dramatic  drop  in  relative  overpressure  commencing  at  about 
the  100  km  altitude  level.  The  reason  for  this  can  be  seen  by  examining  the  SHELL  outputs  for  the  detailed 
flow,  one  of  which  is  shown  in  Figure  5.  This  Figure  is  a  contour  plot  of  relative  pressure  as  a  function 
of  altitude  and  horizontal  distance  at  a  time  of  600  seconds.  The  spherically  expanding  and  upward  moving 
shock  wave  is  refracted  at  the  100-120  km  altitude  level  where  the  ambient  temperature  begins  to  increase 
radically.  Of  course,  the  vertically  propagating  shock  front  is  unrefracted.  The  result  is  the  genera¬ 
tion  of  a  horizontally  propagating  disturbance  in  the  flow  behind  the  shock  front.  This  disturbance  drains 
energy  from  the  shock  which  continues  outward  and  upward. 

The  essential  feature  of  the  Greene-Whi taker  calculation  is  that  the  effective  source  of  the 
long  period  gravity  wave  disturbance  is  located  at  an  altitude  of  100-120  km  above  the  burst.  The  effec¬ 
tive  source  commences  10  minutes  or  more  after  a  sea  level  detonation,  this  being  the  time  required  for 
the  shock  wave  to  reach  the  ionospheric  level  and  for  the  rotating  flow  of  Figure  .3  to  become  established. 
This  delay  time  correction  to  the  travel  time  has  been  observed  following  several  low  altitude  explosions 
(HERRON,  T.  J.,  1971). 


The  velocity  vector  plots,  which  are  not  shown,  indicate  that  the  dominant  motion  in  the  dis¬ 
turbance  depicted  in  Figure  5  is  a  rotating  or  vortex  flow  and  on  this  basis  we  proceed  to  estimate  the 
disturbance  kinetic  energy.  The  geometry  assumed  for  this  vortex  flow  is  indicated  in  Figure  6. 


The  kinetic  energy  of  the  motion  is: 


Es  =  J  *s  p  v  dV, 

where  the  volume  element  for  the  region  containing  the  vortical  flow  is: 


dV  =  2  i.  R  (2tit  '  dr') 

For  the  assumed  flow  we  may  define  a  constant  vorticity  within  the  rotating  region: 


w  =  U  Iv  x  v  I  =  yja 


in  terms  of  which  Lq.  (18)  becomes 


Es  =  8 


2  2  „  f 

71  U  P<  f 


»(r ' )  r'J  dr'. 


(19) 

(20) 
(21) 
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and  approximating  p(r')  by  ,>  .  the  ambient  density,  this  results  In: 

E  =  2  n2  J  r4  R  p,  (?2) 

S  cl 

We  estimate  R  »  150  km  and  r  «  30  km  based  on  Figure  5.  This  latter  value  is  approximately 
the  gradient  scale  of  the  temperature  change  responsible  for  the  shock  refraction  and  development  of  the 
vortical  motion,  l.e.  T/vT  »  r.  We  estimate  the  maximum  flow  velocity  v(r)  as  being  approximately  equal 
to  the  sound  speed  at  130  kn,  that  is  about  .64  km/sec.  Then  for  an  ambient  denisty  of  7.6  x  10"^  kg/ 
meter'  we  obtain  E  =  5  KT,  that  is  about  .1*  of  the  total  4  MT  yield. 

2 

For  smaller  yields  than  our  4  MT  example,  the  yield  scaling  of  kinetic  energy  Is  S  pv  V,  where 
p  is  the  density,  v  the  fluid  velocity,  and  V  the  volume  over  which  the  rotational  motion  takes  place. 

For  a  weak  shock  we  expect  only  the  fluid  velocity  to  be  a  function  of  the  detonation  parameters.  Since 
this  velocity  Is  proportional  to  the  relative  overpressure  we  find  from  Eq.  (17)  that  the  energy  In  the 
horizontally  propagating  disturbance  Is  proportional  to  y2/’.  Thus  with  a  proportionality  constant  deter¬ 
mined  by  the  4MT  example  we  may  write: 

Es/y  -  2  x  10'2  Y_:  1  (23) 

We  will  compare  this  estimate  with  the  energy  available  in  the  rising  fireball  for  wave  generation,  which 
is  derived  below. 

3.  FIREBALL  GENERATION  OF  ACOUSTIC-GRAVITY  WAVES 

The  fireball  is  a  buoyant  rising  fluid  element  and  as  such  deforms  into  a  torus  or  vortex  ring 
configuration.  The  flow  is  illustrated  in  Figure  7.  During  the  initial  rise  period,  that  is,  well  before 
the  stabilization  time  the  flow  around  this  vortex  ring  can  be  treated  as  the  flow  around  an  equivalent 
solid  object.  Warren  (1960)  has  calculated  the  wave  emission  and  wave  drag  on  a  sphere  moving  vertically 
in  a  stratified  incompressible  fluid.  His  theory  predicts  that  gravity  wave  emission  is  negligible  when 


|  >  1  (24) 

where  n  =  v/2a,  v  is  the  sphere  velocity,  and  a  the  sphere  radius.  The  Brunt-Vaisala  frequency  N,  is  the 
high  frequency  cutoff  for  gravity  wave  propagation.  The  onset  of  wave  emission  at  n/N  =  1  has  been  exper¬ 
imentally  verified  (MOWBRAY,  D.  E.  and  B.  S.  H.  Rarity,  1967). 

A  buoyant  sphere  rises  at  a  velocity  (SCORER,  R.  D.,  1950) 

v  «  (g  8  a)1*  (25) 

where  g  is  the  acceleration  of  gravity  and  B  »  £-3-2—  is  the  buoyancy  defined  as  the  difference  in  density 
between  fireball  and  its  surroundings  dunded  by  the  ambient  density. 

Warren's  criterion  for  significant  gravity  wave  emission  therefore  gives: 

2 

a  >  g  B  |  J  “  5.6  8  km,  (26) 

for  a  Brunt-Vaisala  period  trv  of  5  minutes.  Because  of  the  very  high  fireball  temperatures  involved  at 
early  times  we  may  approximate  8  by  unity.  Then  Eq.  (26)  states  that  a  fireball  radius  of  5.6  km  is 
required  for  the  onset  of  appreciable  gravity  wave  emission.  According  to  the  data  in  Glasstone  (1964, 
p  10)  this  would  require  a  yield  in  excess  of  30  MT.  We  conclude  that  for  sea  level  detonations  only  very 
large  yields  could  result  in  gravity  wave  emission  during  the  initial  period  of  the  rise. 

When  the  fireball  reaches  its  stabilization  altitude  and  proceeds  toward  hydrodynamic  equilib¬ 
rium  with  its  surroundings,  conditions  more  favorable  for  gravity  wave  emission  do  occur.  However,  before 
considering  the  details  of  how  this  wave  emission  arises  we  conclude  our  discussion  of  the  initial  rise 
period  by  computing  the  fraction  of  the  total  yield  which  is  contained  in  the  kinetic  energy  of  the  ris¬ 
ing  fireball  for  a  sea  level  detonation.  We  wish  to  compare  this  energy  with  our  previous  estimate  for 
the  energy  available  in  the  shock  for  long  period  gravity  wave  generation.  The  fireball  kinetic  energy  is: 

Ej.  =  Mv2  =  4  M  g  8  a  (27) 

where  we  have  used  Eq.  (25)  for  v.  The  mass  occurring  in  Eq.  (27)  is  not  the  mass  of  the  fireball  itself 
but  rather  that  of  the  considerably  larger  mass  of  ambient  air  which  moves  with  the  fireball,  the  so  called 
virtual  mass  (DARWIN,  1953).  This  muss  is  equal  to  half  the  mass  of  ambient  air  which  would  occupy  the 
fireball  volume.  Accordingly  we  write: 

Ef  -  |  a4  P  g  fl  (28) 

According  to  Glasstone  (1964,  pp.  74-75)  the  terminal  fireball  radius  is  about  750  feet  for  a  20  KT  detona¬ 
tion.  The  temperature  at  the  time  (1  sec)  this  radius  is  achieved  is  about  10  times  ambient,  and  hence 
assuming  pressure  equilibrium  b  =  .9.  Assuming  cube  root  scaling  with  yield  we  may  then  write,  a  =8.45 
x  io^  Y cm,  where  Y  is  in  kilotons.  Eq.  (28)  then  gives  the  fraction  of  the  yield  which  is  available  as 
kinetic  energy  of  fireball  rise: 

^  =  1.5  x  10'4  Y1/3  (29) 

Comparing  this  with  Eq.  (23)  we  find  that  for  a  yield  of  about  1.6  MT,  Ef  =  Es.  Thus  for  yields  in  excess 
of  this  value  we  expect  the  energy  available  in  the  rising  fireball  for  long  period  gravity  wave  genera- 
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tl on  to  be  greater  than  the  similar  energy  available  In  the  upward  going  shock. 

We  now  turn  to  a  description  of  how  this  fireball  rise  energy  becomes  available  for  the  genera' 
tlon  of  long  period  gravity  waves. 


3.1 


Oscillating  Vortex  Model  of  Fireball  Stabilization 


In  this  section,  the  relation  between  a  fireball  In  the  terminal  phase  of  Its  motion  and  the 
fluid  oscillations  that  result  as  It  stops  rising  are  considered.  An  approximate  expression  for  the 
frequency  of  the  resulting  motion  Is  derived  In  terms  of  the  final  motions  of  the  fireball  and  the  atmo¬ 
spheric  parameters.  Our  analysis  of  gravity  wave  generation  by  a  rising  fireball  differs  from  the  work 
of  Tolstoy  and  Lau  (1971)  In  that  It  is  based  on  the  theory  of  buoyant  vortex  ring,. 

We  consider  a  ring  vortex  where  the  core  radius  R0  is  much  smaller  than  the  major  radius  R  as 
shown  in  Figure  8.  The  substance,  a  spheroidal  mass  of  air  surrounding  the  ring,  moves  with  the  ring.  The 
difference  between  the  mass  contained  in  the  ring  and  In  the  substance,'  and  an  equal  volume  of  the  atmosphere 

,r  ,z2(r) 

AM  =  2  it  J  J  (p1  -  p0)  dz  rdr,  (30) 

0  z,(r) 

where  p'(r,z)  Is  the  mass  density  Inside  the  vortex,  p  (z)  is  the  ambient  density,  and  z?(r),  z,(r)  define 
the  boundaries  of  the  substance.  0  c 


given  by: 


On  a  contour  such  as  1,  which  contains  but  does  not  intersect  the  core,  the  circulation  K  is 


„  _  Rz 

K  c~  . 


(31) 


where  the  dot  indicates  a  time  derivative.  The  quantity  C  depends  logarithmically  on  the  distribution  of 
vorticity  within  the  ring.  We  assume  that  the  motion  is  similar  and  that  therefore  C  is  a  constant. 


The  circulation  along  contours  such  as  1  and  2  changes  during  the  rise  according  to  the 
Bjerkness  Eq. 

*  "  •  f  ^  * 

where  p  is  the  pressure,  taken  to  be  ambient  under  the  assumption  that  equilibrium  has  been  obtained. 


(32) 


On  a  contour  such  as  2  which  does  not  contain  the  core,  K  =  0  at  all  times  and  hence  K  =  0  at 
all  times.  On  any  contour  such  as  1,  which  contains  but  does  not  intersect  the  core,  K  must  ae  the  same. 
Hence  at  any  time  K  must  be  the  same  for  all  such  contours. 


Eq.  (32)  can  be  rewritten: 

.z2(r) 


k  -  -  j  ^  =  -  i  ^  -  f 

*  C  P0  J 


Z|  (r) 


dD 

p7" 


.z2(r) 


r  s-i 


r  z2  (r) 


dp 


(■’o  "p' 

— , - 


z-j  (r) 


z1  (r) 


/ 


dz 


z,(r) 


(33) 


since  $  =  0.  Using  the  hydrostatic  equilibrium  equation  -•  -  gpQ  Eq.  (33)  finally  becomes: 

■z9(r) 

2'  p.  -  p 


(34) 


which  is  nonzero  and  independent  of  r  for  r  5  R  -  Ro  and  is  zero  for  r  l  R  *  R  .  Since  the  model  is 
intended  to  apply  to  the  later  stages  of  fireball  rise  when  the  buoyancy  has  become  small  we  replace  p* 

In  the  denominator  of  Eq  (34)  by  o0.  We  further  assume  that  the  fireball  is  small  enough  that  the  inte¬ 
gration  in  Eq.  (34)  takes  place  over  much  less  than  an  atmospheric  scale  height  and  that  the  factor  1/p 
may  be  taken  outside  the  integral.  Then  using  Eq.  (34)  we  may  rewrite  Eq.  (30)  as:  0 


AM  = 


2n 

q  po 


/’ 


K  rdr 


nR*- 


poK 


(35) 


Conservation  of  mass  gives: 


d 

St  I 


p"V)=  pQ 


dV 

at 


dVa] 

St 


(36) 

•is  the  average  density  within 
this  volume.  The  term  dT/dt  represents  the  volume  change  due  to  adiabatic  expansion  as  the  vortex  moves 

a 


where  V  is  the  volume  over  which  the  integration  in  Eq.  (30)  is  done  and  c 

I 

upwards : 


dVa 

ST 


Thus  Eq.  (36)  becomes: 


St 


V  (p" 


.  I V  L.  o 

*  %  dt 

(37) 

.  dfiH  .  .  v  T— 1-1  dr  ° 

St  >  St 

(38) 
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combining  this  result  with  Eq.  (35)  for  AM  we  obtain 


*n  r*  -  S»  1^1  JL 

0  nR2  *  pO  dt 


making  use  of  the  fact  that 


dpo  3po  ■  K 

=  jj—  z  and  z  =  C  j  this  becomes: 


K  +  Kjj  tn  PR2  +  o.2  N2  K  =  0 


where  N4  =  -  -ry-  is  the  ambient  Brunt-Vaisala  frequency  and  a2  =  ~-rr  is  a  constant  of  order 


y  p0  az 


unity  as  discussed  below.  Eq.  (40)  is  most  conveniently  solved  in  terms  of  an  auxilliary  function  Q: 


"  vt;  r 

Q  +  f  a2N2  - 


2  ■  ^ » 

and  where  (-v/IT  R)  represents  — *  (Vp*  R). 
v  o  dt‘  0 

Assuming  that  the  bracketed  term  in  Eq.  (42)  is  slowly  varying  we  obtain  the  WKB  solution: 


Q  %  — 


i  J  a2  f 


2  .2  R 
a  N  -  — - — — - 

R 


n2  . 


Using  Eqs.  (31)  and  (41)  this  gives  the  solution  for  z: 


VT0  R2 


expi 

J  V7C  r  J 

a2N2  _  iV%  R) 

VT  r  „ 


quantity  a 


Before  discussing  t.he  physical  significance  of  this  equation  it  is  useful  to  consider  the 

CV  2 

-  — in  more  detail.  The  volume  V  is  approximately  equal  *R  Az.  az  is  the  vertical  distance  over 


which  the  z  integration  in  Eq.  (30)  is  done.  Alternatively  az  may  be  interpreted  as  the  effective  distance 
beneath  uhe  ring  from  which  fluid  is  drawn  up  to  the  ring  Observations  of  laboratory  releases  of  buoyant 
fluid  with  a  spheroidal  substance  suggest  the  value  A7  «  3R  (TURNER,  J.  S.,  1960).  The  quantity  C  is 
about  .13  for  a  spherical  vortex  (LAMB,  1932).  This  gives  a  «  .62.  In  general  we  expect  a  to  be  constant 
so  long  as  C  is,  and  to  have  a  value  somewhat  less  than  unity. 

Equation  (44)  applies  from  the  time  the  fireball  has  formed  a  vortex  ring  and  has  entrained 
sufficient  air  that  the  interior  density  <>  ’  is  approximately  equal  to  the  ambient  value  p0.  Thus  we  are 
not  able  to  describe  the  early  stages  of  the  rise.  However,  the  more  time  consuming  later  stages  of  the 
rise  will  occur  on  a  time  scale  the  order  of  r/'M,  that  Is  on  the  order  of  the  Brunt-Vaisala  period.  For 
nuclear  clouds  which  do  not  spread  rapidly  when  approaching  their  stabilization  altituoe,  vertical  oscilla¬ 
tions  will  occur  at  a  frequency  c-*l.  According  to  Eq .  (44),  clouds  which  spread  rapidly  will  undergo  oscil¬ 
lations  at  a  ’ower  frequency  than  uN  and  the  amplitude  of  the  oscillations  will  subside  as  1/RZ  as  the 
cloud  spreads.  If  the  cloud  radius  spreads  sufficiently  rapidly  (such  as  exponentially  on  a  time  scale 
shorter  than  )  there  will  be  no  oscillatory  motion  and  the  approach  to  equlllbrum  will  be  overdamped. 

In  any  case,  for  megaton  range  detonations  where  the  nuclear  cloud  penetrates  into  the  very 
stable  stratosphere,  a  rapid  growth  in  cloud  radius  ensues  (GLASSTONE  1964,  pp.  35-37).  This  would  tend  to 
reduce  the  amplitude  of  gravity  waves  due  to  vertical  oscillations  of  the  cloud.  In  general,  for  given 
atmospheric  conditions  there  ma;  he  an  optimum  yield-height,  of  burst  combination  for  gravity  wave  genera¬ 
tion  by  the  stabilized  fireball  but  it  is  currently  unknown. 
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To  gain  further  Insight  Into  the  wave  pattern  generated  by  this  type  of  buoyant  oscillation, 
laboratory  experiments  have  been  performed  at  Mt.  Auburn,  as  described  below. 

3.2  Laboratory  Observations  of  Gravity  Wave  Generation  by  Buoyantly  Rising  Masses. 

A  photograph  of  the  experimental  apparatus  Is  shown  In  Figure  9.  The  experiments  were  perform¬ 
ed  In  a  plexiglas  tank  5'  x  3'  x  3V  deep.  A  linearly  stratified  density  fluid  (salt  and  water)  was 
established  In  the  tank  by  carefully  Introducing  fluid  layers  of  successively  decreasing  density.  This 
stratification  very  closely  approximates  an  exponential  medium  over  the  dimensions  of  the  experimental 
region.  The  density  gradient  was  checked  by  carefully  weighing  a  300  cc  teflon  rod  suspended  at  varying 
depths  In  the  fluid,  and  after  some  days  It  was  found  that  the  Initial  density  discontinuities  had  smooth¬ 
ed  out  to  form  a  linear  density  gradient.  Using  ethyl  alcohol  as  the  buoyant,  miscible  fluid,  a  number 
of  buoyant  releases  were  made  from  a  release  mechanism  on  the  base  surface  of  the  tank.  Visualization  of 
the  wave  motions  in  the  fluid  was  achieved  using  small  neutrally  buoyant  polystyrene  beads  which  acted  as 
excellent  scattering  centers  for  a  well  collimated  light  beam.  Thus  a  cross-section  through  the  fluid 
motions  was  observed. 

A  16  am  cine  camera  was  used  to  record  the  Internal  wave  motions  and  schematic  drawing  based  on 
a  sample  frame  is  shown  in  Figure  10.  For  this  release  the  buoyant  fluid  was  dyed  to  be  readily  observable. 
The  formation  of  a  vortex  ring  structure  and  vertical  oscillations  and  rapid  spreading  of  the  Initially 
buoyant  fluid  as  It  reached  Its  equilibrium  level  were  clearly  observed. 

Tyolcally  the  time  required  for  the  top  of  the  released  fluid  to  reach  Its  maximum  altitude  was 

about  8  seconds,  somewhat  shorter  than  the  Brunt-Valsala  period  In  the  tank  (9.8  seconds). 

The  wave  pattern,  which  was  more  complex  than  anticipated.  In  conveniently  divided  Into  the  four 
regions  shown  In  Figure  10:  (1)  Directly  above  and  below  the  source  region  small  amplitude  oscillations 

of  the  beads  wgre.  observed.  The  period  of  these  oscillations  as  nearly  as  could  be  determined  was  equal 
to  the  Brunt-Valsala  period.  (2)  The  amplitude  and  the  period  of  the  oscillations  Increased  with  Increas¬ 
ing  angle  from  the  vertical.  The  amplitude  reached  a  maximum  at  an  angle  of  about  60°  where  the  period  was 

about  12  seconds.  (3)  The  amplitude  then  decreased  slightly  with  Increasing  angle.  This  region  existed 

over  a  relatively  small  angle  and  it  was  difficult  to  observe  changes  in  the  period  within  this  region. 

(4)  Finally,  at  very  small  angles  to  the  horizontal  planes  of  stratification,  motion  of  the  beads  was 
observed  which  was  not  periodic,  rather  the  beads  were  displaced  away  from  the  source  region  and  did  not 
return.  This  motion  is  clearly  related  to  the  horizontal  spreading  of  the  Initially  buoyant  flnid  as  It 
equilibrates. 

The  propagation  theory  for  acoustic-gravity  waves  predicts  that  waves  of  period  x  whose  vertical 
wavelength  1:  less  than  a  scale  height  should  propagate  at  an  angle  e  from  the  vertical  (HINES,  C.O.,  1960), 
where . 


=  |cos  6 1  (45) 

This  propagation  law  does  appear  to  be  obeyed  in  the  experiment  since  T  «  Tgv  at  e  0 ,  tt  and  t  «  -y — 

Tgy  at  e  «  t/3,  2x/3.  In  theory  there  should  be  no  propagating  solution  exactly  at  0  =  0,  n  where  T  »  Tj}y. 

Howiver,  because  of  the  limited  spatial  extent  of  the  experimental  region  we  are  unable  to  clearly  dis¬ 
tinguish  oropagating  from  nonpropagating  disturbances. 

Perhaps  the  most  Interesting  aspect  of  the  laboratory  observations  is  the  confirmation  of  the 
theoretical  prediction  that  much  of  the  buoyant  rise  energy  Is  utilized  to  generate  waves  In  the  period 
range  1  -  2  Tgv  Our  expectation  Is  that  an  analogous  process  of  wave  generation  would  occur  for  a 
stabilizing  nuclear  cloud.  However,  while  we  are  able  to  estimate  the  period  of  the  largest  amplitude 
portion  of  the  disturbance  we  have  not  estimated  what  fraction  of  the  available  energy  goes  Into  very  long 
periods,  that  is  periods  many  times  the  Brunt-Valsala  period.  These  long  period  waves  would  propagate  at 
shallow  angles  to  the  horizontal  and  it  may  be  that  atmospheric  refraction  would  prevent  their  reaching 
Ionospheric  levels.  In  this  connection  it  Is  interesting  to  note  that  Ionospheric  disturbances  of  about  3 
minutes  period,  which  are  associated  with  severe  weather,  are  not  normally  observed  nort-  than  250  km  hori¬ 
zontally  from  the  apparent  source  location  (GEORGES,  T.  M.,  1968).  Whether  the  absence  of  longer  periods 
at  greater  horizontal  distances  Is  a  result  of  properties  of  the  source  or  of  atmospheric  filtering  and 
refraction  is  not  known. 

4.  CONCLUSION 

In  the  preceding  sections  we  have  attempted  to  relate  the  different  kinds  of  disturbance  seen  In 
the  Ionosphere  to  the  hydrodynamic  motions  accompanying  a  low  altitude  nuclear  explosion.  The  short  period 
Ionospheric  disturbances  seem  to  be  caused  by  the  portion  of  the  shuck  front  which  Is  reflected  from  the 
100-120  km  altitude  level.  This  Identification  is  made  because  the  periods  contained  within  the  shock  when 
it  reaches  this  altitude  level  are  the  order  of  the  observed  Ionospheric  periods,  that  is,  about  a  minute. 

Wa  expect  the  ionospheric  periods  to  scale  with  explosion  parameters  In  the  same  way  as  does  the  shock 
positive  phase  duration  at  the  1O0-120  km  altitude  level.  The  ionospheric  periods  should  therefore  be 
proportional  to  the  cube  root  of  yield  and  essentially  Independent,  of  height  of  burst. 

The  origin  of  Ionospheric  disturbances  with  periods  exceeding  10  minutes  is  a  more  complex 
problem  since  both  the  upward  going  shock  and  the  rising  fireball  are  possible  hydrodynamic  sources.  For 
yields  In  excess  of  about  a  megaton  the  energy  available  in  fireball  rise  for  the  production  of  long  period 
disturbances  exeteds  that  available  in  the  upward  going  shock. 

The  mechanism  described  by  Greene  and  Whitaker  (1968)  for  the  generation  of  long  period  ionospheric 
waves  Involves  a  refraction  of  the  upward  going  shock  at  the  100-120  km  altitude  level.  This  results  in  a 
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transfer  of  energy  from  the  shock  to  a  horizontally  propagating  disturbance  which  Is  left  behind.  The 
Groene-Whi taker  mechanism  Is  generally  operative  since  conditions  for  this  shock  refraction  are  a  permanent 
feature  of  the  atmosphere. 

The  fireball  Is  most  efficient  In  the  generation  of  long  period  acoustlc-gravl ty  waves  wher.  It 
has  reached  Its  terminal  altitude  and  Is  approaching  hydrodynamic  equilibrium  with  the  atmosphere.  It 
may  then  undergo  vertical  oscillations  with  a  period  somewhat  larger  than  the  Brunt-Viilsnla  period.  The 
efficiency  of  wave  generation  by  this  mechanism  Is  very  sensitive  to  ambient  conditions  at  the  tropopause 
as  well  as  to  burst  parameters.  In  particular  nuclear  clouds  which  undergo  rapid  spreading  upon  stabiliza¬ 
tion  appear  to  be  Inefficient  wave  generators.  In  theory,  and  this  Is  supported  by  laboratory  experiments, 
the  terminal  phases  of  fireball  rise,  when  the  mechanism  is  efficient,  produce  a  wave  spectrum  with 
amplitudes  peaked  at  one  to  two  times  the  Brunt-Valsalii  period.  These  periods  propagate  at  relatively 
steep  angles  to  the  horizontal  and  would  primarily  affect  the  Ionosphere  near  the  burst.  Whether  significant 
wave  amplitudes  could  be  produced  at  much  longer  periods  Is  presently  unknown  as  Is  the  question  of  whether 
these  long  periods,  which  propagate  at  shallow  angles  to  the  horizontal,  would  be  prevented  by  atmospheric 
refraction  from  reaching  Ionospheric  levels. 
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Fig. 3  The  Parameter  nh  vs  relative  overpressure.  From  LFUTO  and  LAKSON  (1069). 
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Fig  4  Detail  of  ionospheric  disturbance  above  Boulder  on  October  30,  1962.  From  BAKBR  (1968). 
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Fig.6  Assumed  geometry  for  vortical  flow  due  to  the  Greene-Whitaker  mechanism. 
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by 

Ch.  Berlhet  and  Y.Rocard 


Abstract 


Infraaonic  mti  generated  by  large  explosions  on  the  ground  can  be  observed  to  propagate 
up  to  ranges  of  thousands  of  kiiemeteru. 

If  an  explosion  is  strong  enough  to  generate  gravity  vaves,  that  is  exceeds  a  threshold  of 
about  one  megaton,  vaves  vith  periods  near  one  minute  travel  around  the  earth  according  to  a  veil 

knovn  mechanism. 

Waves  of  shorter  period,  in  the  range  5  to  U5  seconds,  are  observed  to  propagate  more  effi¬ 
ciently  than  might  be  expected  according  to  elementary  theories  of  acoustic  rays  bending  by  tempe¬ 
rature  gradients  and  winds.  However,  we  demonstrated  a  few  years  ago  that  the  introduction  of  non 
linearity  in  the  propagation  of  such  vaves  resulted  in  the  bending  of  acoustic  rays  back  to  the 
ground  and  that  it  explained  most  of  the  experimental  facts. 

But  we  also  observed  exceptional  cases  of  propagation  to  ranges  of  7  000  -  8  000  kilometers 
and  even  up  to  lit  000  kilometers,  in  fairly  narrow  azimuthal  sectors,  generally  in  a  bearing  90 
£aat  of  the  explosion.  The  periods  are  in  the  range  30  to  60  seconds  and  the  waves  do  not  exhibit 
the  characteristics  dispersion  of  gravity  waves. 

In  order  explain  such  observations,  we  propose  the  following  mechanism.  Waves  propagating 
upwards  away  from  the  explosion  in  directions  a  fev  degrees  off  the  vertical  are  bent  back  towards 
the  ground  at  altitudes  of  85  to  9?  kilometers,  according  to  the  yield  of  the  explosion,  In  the 
course  of  the  process  the  various  ray  paths  intersect  along  a  ring  centered  on  the  vertical  of  the 
explosion  and  located  at  these  altitudes,  which  we  shall  call  tho  "Noise  Ring"  (Ccuronne  de  Bruit )- 
In  his  Ph.D,  Thesis  (Paris  1969),  Ch,  BERTHET  showed  that  these  ray  paths,  besides  intersecting  to 
produce  a  phenomenon  of  geometric  focusing,  correspond  to  vaves  arriving  roughly  in  phase  at  the 
noise  ring  which  is  then  equivalent  to  a  circular  focus  line. 

The  concentrating  of  energy  at  the  ring  produces  very  pronounced  non  linear  effects  and  it 
can  be  shown  that  the  ring  behaves  as  a  secondary  acoustic  source  radiating  out  sonic  vaves  in  di¬ 
rections  different  from  these  of  the  rays  which  produced  it. 

Since  in  the  range  of  altitudes  85  to  95  kilometers  a  horizontal,  propagation  channel  exists 
produced  by  the  increase  in  temperature  at  higher  altitudes  (above  110  kilometers)  and  at  lower  al¬ 
titudes  (near  50  kilcmeters)  plus  an  important  contribution  of  the  distribution  of  tidal  winds,  the 
vaves  radiated  by  the  noise  ring  in  that  duct  can  propagate  to  considerable  ranges. 

Such  an  explanation  is  in  conformity  with  experimental  observations  namely  that  the  speed  of 
sound  waves  along  such  paths  is  slightly  less  than  the  speed  of  sound  at  lev  altitudes.  We  find  that 
it  is  roughly  equal  to  the  speed  of  sound  at  80°C  plus  20-25  m/a  easily  accounted  for  by  non  linea¬ 
rity  in  the  propagation. 

The  purpose  of  the  paper  is  to  provide  a  comprehensive  view  of  the  phenomenon,  supported  by 
a  calcu&ltion  which,  although  elementary,  demonstrates  the  radiating  properties  of  the  noise  ring 
in  directions  others  that  those  of  the  rays  which  formed  it. 


1*3 


THEORIE  DE  LA  PROPAGATION  ACOUSTIQUE  ATMOSFHERIQUE 


Dr  Ch.  RERTHET*  Prof.  Y.  ROCARD* 


Equations  de  depart 

On  conaid&re  quo  l1 atmosphere  est  un  milieu  stratifid  hori- 
zontalement  et  on  neglige  la  courbure  terrestre,  Lee  proprii5- 
tds  de  cotte  atmosphere  sont  done  ind^pendantes  de  x,  abscisae, 
et  nn  dependent  que  de  1* altitude  z. 

On  considere  en  outre  que  I'air  eat  un  gaz  parfait. 

Soit  une  perturbation  d'amplitude  infiniment  petite  se  propa¬ 
geant  dans  ce  milieu  avec  une  certaine  viteaae  U(z),  variable 
uniquement  avec  I'altitude  z.  Si  on  appelle  a  l'angle  d'lui 
rayon  avec  1 1 horizontale ,  en  l'absence  de  vent,  la  propagation 
auivra  la  loi  de  Descartes,  soit 


U(z) 

cos  a 


constante 


l'angle  a  etant  4galement  fonction  de  z,  et  lea  rayons  auront 
une  courbure  donnee  par  la  formule  classique 


cos  a  3u  I 

U(z)  d  z  R 


*  Directeur  du  Laboratoire  de  Physique 
do  I'Ecole  Normale  Sup^rieure 
2 h,  rue  Lhomond,  Paris,  'i 

x  Mfime  adresse. 


Intervention  du  vent  -  Formulas  do  propagation  normale 

On  consid&ro  encore  que  le  vent  eat  k  stratification  uniquement 
horlzontale.  Le  milieu  n'xStant  plus  isotrope,  lea  rayons  ne 
sont  pas  norrnaux  aux  surfaces  d'onde.  L' angle  de  ces  domlfe- 
res  avec  1 ' horlzontale  ent  /T/2  -  a.  Soit  Q  l'angle  doa 
rayons  avec  1 ' horizon taJ e . 


Nous  appellerons  u  la  longueur  de  rayon,  t  le  temps  de  pro¬ 
pagation  d'un  front  d'onde  le  long  d'un  rayon  et  P  la  pente 
du  rayon  par  rapport  k  1 'horlzontale ,  En  particulier ,  et  dans 
le  cas  d'une  atmosphere  avec  vent, 

p  =  tg  s  =  /  tg  » 

dx 


La  vitessc  de  propagation  de  la  perturbation  r«$sultera  done 
d«  la  composition  veetorielle  des  vitesses  u(z),  d^finie, 

ot  v(z),  Vitesse  du  vent,  Cette  demifero  vite9se  est  supposes 
toujouro  horlzontale. 


La  loi  de  Descartes  devient,  exprimant  que  les  deux  rayons  se 
r^fractent  en  01  et  Og 


v(z) 


U(t) 

cos  a 


Ko 


(D 


KQ  est  une  constante. 


D’ autre  part  la  vitesse  du  point  M  sur  le  rayon  est  donn<$e 
pax-  les  deux  formules  suivantes,  exprimant  ses  composantes 
horlzontale  et  verticale. 


1;15 


I  !-4 


dx 

-  =  v(z)  +  u(z).  cos  a  (2) 

dt 


dz 

d7 


U(z) »  a in  a 


(3) 


Eliminant  a  entre  cea  trois  Equations  ,  il  vient  : 


dz 


U(z) 


v  (Ko-  v) 


[(K0-  v)2  -  U2]  ’/2  U,  £(Kd_  v)2-U2]  V2 


(M 


On  suppose  qu'&  l'int^rieur  d'une  tranche  d' atmosphere  d’t$pais- 
seur  A  z  le  vent  est  constant  (v(z)  =  constante  =  v0)  et  la 
Vitesse  U(z)  varie  suivant  la  loi 


U2(z)  =  Q  (z  -  Zq }  +  U2(z0) 


(5) 


Q  etant  une  constante,  variable  de  tranche  en  tranche , 


On  tire  alors  do  .1 '  equation  (4)  trois  equations  rtiFf erenti el- 
les  simples  dormant  la  distance  x,  la  longueur  s  et  le  temps 
t  en  fonction  de  la  variable  z.  La  constante  zQ  est  1' alti¬ 
tude  inf^rieure  de  la  tranche  dans  laquelle  on  effectue  les 
calculs.  On  pose  enfin,  pour  allege r  les  calculs, 
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On  a  done  : 


dx 


voGo  +  U2 
U  [g2  -  tj2 


dz 


(6) 


ds 


U2Gg  +  2U2Gqv0  +  G2v2 
U2  {g2  -  U2) 


dz 


(7) 


(8) 


La  pente  du.  rayon  est  evidemment  donn^e  par  (6),  d'autre  part 

G  est  une  constant©  do  la  tranche,  variable  de  tranche  en 
o 

tranche  comma  la  Vitesse  v  . 

o 


On  trouve  ainsi,  avec  vq  ,  so  et  tQ  comme  constantes  d' inte¬ 
gration,  les  equations  suivantes  pour  ia  distance  horizontal©, 
la  longueur  de  ravon  et  le  temps  de  propagation,  comptes  a 
partir  du  has  de  la  tranche  dans  laquelle  on  fait  1' integra¬ 
tion, 
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I  I  -A 


te«.» .  u*i]  *  .  -M5iLS?l*rc  .i„,5 

L  5 


2  -  2t;2 


(9) 


t  -  t. 


Arc  sin 


G-1  -  2'J 


(10) 


2  (O2  -  U2)* 

Q  ° 


avec  fivldeinment  Q  =  (u2  -  U2)  /A  z . 


3 .  CftXcul  de  la  Vitesse  U 


On  salt.  quo  toute  onde  qui  monte  tend  vers  uno  ondo  do  choc. 
D' autre  part,  on  a  pu  conatater  dos  arriv^es  de  signaux  en 
forme  typiquo  d'ondes  de  choc. 


Los  formulea  normaj.es  de  la  propagation  dee  ondes  de  choc  per- 
mettent  de  determiner  Xa  valeur  de  U  : 


V 


y*  i 

ii 


u  + 


?  /  y  *  i  \  2 

c^  +  (J— -  u)* 


i 


oil  u  eet  la  vitesoe  de  la  tranclie  d'air. 


D'autre  part,  on  salt  ^galement  que  la  vitesse  u  eet  donn^a 
par 


v.(t)  =  u(o)  exp  (z/2H) 


oil  z  eet  1'  altitude  et  H  la  hauteur  r^dulta  *, H  =  c2//g)  . 
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k .  Determination  definitive  d«  la  vltesse  U 

H,  BETHEj  dfcs  19Vj,  a  propone  pour  1 '  evaluation  do  la  viteaso 
da  l'air  ou  sol,  dann  uno  atmosphere  homog&ne  b.  la  praaaion 
atmonpherlque , 

.  ,  ,  0.02  1/-) 

u  (kjn/e)  k - W 


oil  s  eat.  la  distance  (an  kilometres)  parcourue  par  l'onde 
at  W  la  puissance  d ■a  1' explosion  qui  donna  naisaance  a  cette 
onde,  on  kilo tonnes  equivalontos  da  trinitrotoluene  (T.N.T.). 

(t  kilototmo  =  lO1^  calories) 

II  on  results,  on  tenant  compte  de  l'effet  d ' amplification  on 
fonction  de  i 'altitude,  qu'&  uno  altitude  z  on  a 

,  .  ,  0.02  l/o 

u  ( km/ s  )  - - W  J  eXp(+z/2H) 

a 

Cet.te  derni^re  formule,  combines  i»  la  formulo  donnant  la  va~ 
leur  do  U  an  foj.ition  de  u  et  de  c,  conduit  &  J.'oxpreo- 
sion  complete  de  la  vjt-'eso  do  propagation, 

U  (km/s)  - - - -  W1//j  exp(+z/2K)  +  fc2+  exp( +z/H) 

A 

cetto  demiisre  fortn’O.e  no  aimpliiiant  et  conduioant  u  la  fornmle 
suivanto,  on  premiere  approximation  : 


0.012  !/ 

( km/ o)  =c(z)  + - W  J 


exp(n z/2H) 


3.0  O 


i 


Propagat ion  trfra  lointal.no  par  guldnge  an  altitude, 

Lo  inode  g<$n«$ral  de  propagation  exposrf  prde^demment  pout  6tre 
cotiaid^r<S  comme  relativonent  stable  et  bion  drftermin<<,  bps  din- 
tances  maximales  attain* es  par  las  ondc»  acouatiquoo  pour  dea 
puissances  de  tir  inf^rleuraa  h  col.los  qui  angoudrant  dea  ondon 
do  gravity  sont  do  l'ordre  do  1500  h  2500  kni  environ  nuivant 

J.oa  caa,  apriia  un  certain  nombi'n  do  r(Sf  lexions  auccossivcs  sur 

l  '  1 

le  sol  ou  aur  la  surface  des  oceans.  LVi  effet,  le  coefficient 
de  reflexion  (rapport  do  1 ' ampli tude  r^f.lechie  h.  1 'amplitude 
incidente)  eat  plus  <!lav<$  en  moyonne  dons  le  deuxiiimo  caa  quo 
dans  le  premier.  On  peut  concevoir  qu'uno  chalno  mop  t.agnouse 

perturbe  constd«5rablemqnt  uno  reflexion  au  sol  pour  des  ondos 

I 

done  lea  p<$riodps  seraient  comprises  entre  20  et  "JO  secondes 
ot  les  longueurs  d ' ondo  entre  6  ot  9  kilometres. 

1  Leo  temp^i  de  propagation  pour  ces  distances  correspondent  h  1 
dea  vitesaes  apparontes  (-an  movennp  210  m/s)  t.rou  inf <5r,ieuroe 
aux  valours  Jiabituelles  vie  la  viteaso  du  sen  au  sol.  Ceci  est 
Evident,  di'ailleurs,  si;  on  soinge  au  tra.let  considdrablemeni  al¬ 
longe  par  les  arches  aucceaaives  quo  doivent.  psreourir  les  o!n- 
dea  inf raaonores .  , 

'  I 

Or, , en  line  certaine  occasion,  nous  avons  pu  constutor  que  des 
ondos  inf ras onores  de  20  a  30  socfomloa  de  pdriode  pouvaient  se 
propagor  &  des  distances  bien  plus  grandes,  telles  que  7000  a 
80C0  km,  Eu  «?gard  a  lour  p^riode,  ces  ondos  n'auraient  su  litre 
des  oridos  do  gravity,  Elies  pr^sontalent ,  sans  le  nioindro  dilu¬ 
te,  les  caracteria tiques  des  ondea  acouatiquos  etudi^es  dans 
ce  travail. 


L'examen  des  temps  de  propagation  de  ces  aignaux,  do  l'ordre 
de  7  heures,  fait  apparaltre  mie  vitesse  moyonne  apparente  de 
propagation  d' environ  290  m/s,  done  proehe  de  la  vitesse  du  son 
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clans  uno  atmosphere  norma le  K  la  tompdruturo  tie  210  degrds 
Kelvin  environ,  soil,  encore  -  63  degrees  Celsius. 


Cette  vttooao  moyetmo ,  ot  pour  uno  propagation  couvrmt  yhOU  km, 
est  nettomont  sup^rieut'o  «  cello  quo  1 1  on  pourrait  prcSvoir  on 
oxtrapolant  nos  diagrammos  do  propagation.  En  efFet,  on  trou- 
verait  dos  temps  do  propagation  d1  environ  12  k  I'*  heures  pour 
cotte  distance  et  partant,  des  vitoases  apparentes  moyennes 
de  1 40  h  170  m/s . 

II  os  t  done  clair  quo  lo  m^canismo  expoad  pr(?c<<deinmont  no  con- 
vient  pas,  diroc tomont ,  po»u  oxpliquer  co  typo  do  propagation. 


Lc  m^canisme  Eventual  d'uno  tell©  propagation  -  tree  longue 
distance  -  par  lo  moyen  doa  ondea  de  gravity  ne  convient  pas 
non  plus  pour  deux  raisons  :  d'ur.e  part,  nous  l'avonfl  d<$j&  in- 
diqu<^,  lea  piSriodes  des  ondea  ennsid^r^es  ici  sont  de  l'ordre 
de  30  a  et  meins,  alors  que  cellos  dea  ondea  do  gravity  attei- 
gnent  plut.flt  1  minute  et  mSme  2  ou  3  nm.  D  autre  port,  lea  vi  tos¬ 
ses  de  propagation  les  plus  faibles  des  ondea  de  gravite  depas- 
aent  nettement  300  m/a  pour  atteindre  315  m/a  pour  dea  periodes 
de  3  minutes.  Nous  allons  voir  que  ces  caract^riatiquea ,  ot 
surtout  celle,  pour  la  vitosae,  d'Ctro  plutOt  do  290  m/s ,  con- 
firmont  l'hypothfeae  que  nous  allons  avanoer  quant  au  mecanis- 
me  physique  de  ce  typo  particulier  de  propagation. 


Retorr  aur  la  propagation  uormale  proche 

L' etude  approfondie  des  propagations  non-lin^airea  normalos 
expos^es  pl»is  haut  conduit  a  une  constatation  inttfreasante. 

-  pour  urie  propagation  lln^alre.  done  4vec  une  puissance  W 
nulle,  beaucoup  de  rayons  atteignent  l'altitude  de  .200  km  et 
ne  reviennent  pan,  les  autres  ne  reviornent  au  sol  qu'apres 
s'&tre  r^f lochia  aasez  haut. 
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—  pour  tine  propagation  non- lineal  re  normalo,  par  exemple  avoe 
V  =  100  kilotonnon,  on  constate  qu'un  fa.isceau  nssoz  large  do 
rayons ,  d'anglos  do  »Lt«  c.ompria  ent.ro  75  dogriis  et  35  degree 
environ,  oo  rofocal  1  ao  mix  ol entours  do  90  kilometres  d'a.lt.1.- 
tude . 

Cette  .focaltaation  pourrait  n'ftt.re  qu ' apyaronte  ot  giiorniitri- 
que,  et  nSauUer  do  la  simple  superposition  doe  dlff^ronts 
rayons,  Or,  In  caicul  dor  temps  d'arriv^e  du  front  d ' oudii  mu 
point  de  convergence  do  coo  rayons  inontre  qu’ll.  n'tm  eat  rion. 
Les  andos  arrlvont  on  raftmo  i  om;>a  h  cot  ondroit.  On  n  done  blon 
li»  un  authentique  phenomena  do  f ocal isi> t ion  on  altitude..  Pnr 
all lours ,  los  surfaces  d'ondo  convergent  vers  le  point  do  f oca 
liaation  pour  a'y  confondro  olios -mBmott  an  un  foyer,  ceci.  titan 
bien  ontoridu  uno  vue  mr.ix  dimensions  du  phtSnomJino  ,  dans  un 
plan  vortical . 

Bln  I* absence  do  vant ,  ii  mists  uno  syn.£ trie  do  revolution 
autour  do  1,'axe  vortical  ot  an  ri alit£  ncs  trajectolrea  so 
recoupent  sui  uno  foc.alo  on  anneau  vers  3  5  -  **0  kin  do  distan¬ 
ce  horizontal*. ,  rayon  do  la  focalo,  ot  &  80  -  100  lun  d'aiti- 
tude . 

Come  nous  somites  encore  dans  la  zone  do  propagation  proche  , 
to  vent,  a  moins  d'etre  particu’.ierement  violent,  no  deforms 
quo  pou  le s  tra jectoi res  et  on  peut  cons id4rer  quo  la  focale 
on  anneau,  plus  ou  moins  bion  circulairo,  rxiste  toujoura , 


II  faut  remarquer  que  aonle  la  propagation  non— 1 imiairo  donne 
lieu  &  c  i  phiiiiomone  do  rofoco.llaa.tion  on  altitude. 


Rn  effet,  dans  le  can  il'une  propagat  Ion  HtUaliii  on  atmosphere 
caltne,  qualquss  rayons  so  recoupent  bio.i  on  altitude  vorn  125 
(l'altitudo  «t  k  plus  do  150  k!»  de  distance,  mats  on  n'obseive 
paa  A  cet  endroit  do  veritable  phdnomjino  do  f  oc:al  isa  1 1  on .  Ken 
temps  d'arrivde  au  point  d '  in teraec t  ion  gAom^triqu.o  dns  rayons 
aunt  diff fronts. 


La  g«icondo  romarquo  importante  eat  que  lea  altitudes  do  cos 
dil'f rfrentoa  couronnea  focalea  lea  aituent  it  l'lntiSriour  du 
guide  d'onde  acouatique  dea  yO  kilometres.  En  effet.,  la  tem¬ 
perature  da  l'air  eat  minimale  k  cette  altitude  (olle  eat  de 
180  degr<$s  Kelvin  environ).  Si  on  admet  que  cette  couronne  fo- 
cale  ae  comporte  comme  une  couronno  de  bruit  servant  de  source 
aecondmira  et  peut  ainsi  engcndrer  des  trajectoirea  sonores, 
celles-ci  pourront.  done  exploiter  co  canal  de  propagation  et 
so  propager  fort  loin  gr&ce  au  guide  d'onde  acoustique. 


> 

Nous  voyons  done  la  un  moyen  d'exp.liquer  le  can,  cit^  plus 
haut ,  de  propagation  k  tr&s  iongue  portae.  Par  ail  lours,  com- 
ne  nous  allons  le  oonatater,  lea  vitessos  de  propagation  con- 
cordon t . 


km 


Maio  comment  la  f ocale ,  ou  la  couronne  de  bruit,  peut-olle 
rayonner  &  l'ext^rieur  de  1' angle  des  rayons  extremes  du  pin- 
coau  de  rayons  qui  la  forment  ? 


Analyse  thrfor lt|> in  du  rayonnomont  pgr  la  couiomm 


Pour  ddniontror  quo  la  couronna  do  bruit  rayonne  offectlvemont 
on  dehors  du  di&dro  formd  par  Ion  rayons  oxtr&mos,  il  oat 
n^cessairo  do  fuire  appal,  oncoro  uno  1'oia,  k  doa  termes  do 
non-lin«$arit<$ .  Nous  allona  moritror  reel  dana  un  oaa  partlculler 
simple j  qui  aorait  facile  &  g^ntfraliaor. 

I, 'Equation  adlubatiquo 


cons tanto 


(i) 


s'dcrit  aus at 


P  1 

Po  ( 1  v  _L_  +  d  Y 
K  Dx  TT' 

si  on  admet  par  oxomple  uno  intersection  des 
rayons  sonoros  suivant  0X  et  0Z„ 


Dans  un  domains  ou  les  ondes  peuvent  6tre  consid«5r£es  comjne 
siuuaoldales,  on  aura 


et 


A  sin  tt/,  ( t  -  — ) 
'  c 

D  sin  0} 2(t  -  — — ) 


(3) 


Reportant  cos  expressions  dans  la  formule  (2),  il  vient  c?vi- 
demment 


P 

Pn 


1  +  *  cos  XJ,(t  - 

c 


-i-> 


i^2 


C03  I'tfp  (  t-  Z  ) 

C  J 
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I.ors  (111  drfvol oppomont  (lti  d^nomitiutour,  on  trouvei'u  <lo»  toruios 


All 


'-yi  (<;2 


^'n)  t 


U)^I. 


etc. 


pour  lesquels  on  volt  la  possibility  il'uno  miso  on  pnasn  duns 
das  directions  d^tei-mindon  par 

x  +  <<-'2*  -  cons  tan  to. 


Ces  dii'ections  aont  pr<5cio«$mont  dlstir.ctea  des  axes  Ox  et  0X 
do  propagations  incidontes  et  aont  cellos  d'un  rayonnement  ox- 
tyriour,  ou  tout  au  moins  d’une  excitation  infrasoniquo 


0-z 


A 

cfS 


■? 


V 


Rayonnement 

oxt(5rieur 


au  voisinage  de  la  courorme  de  bruit,  dans  des  directions  ex- 
tyrieures  au  di&dre  de  rayonnement  normal . 


Cette  excitation  en  preseion  avec  mise  en  phase  dasa  les  direc¬ 
tions  indi-qu^es  est  lo  moyen  pour  la  "couronne  de  bruit"  de  ra- 
yonner  de  nouvelles  ore.es  qul  se  propagent  comme  I'indique  la 
figure  :  c'est  cette  possibility  qu’il  s'agissait  d'dtablir. 
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7.  Caleul  do  la  propagation  guldjo 

l,o«  calculs  Boat  conduits  miivant  1  o  mo'o  iin<iairo  (puissance 
W  mUlo )  . 


On  pout  bien  entendu  caltulor  .loo  temps  do  propagation  d«s 
infraaons  <l  l’int^riour  du  guide  et  loo  vttosses  apparontos 
corrospondantos .  Elios  »ont  lei  toutes  pen  pr Jis  idontiquos, 
la  propagation  «Hont  lin«?airo»  On  trouvo  qu’il  l'int^rtour 
mSmo  du  guido  d'ondt,  cos  vitoases  sent  do  I'ordro  do  2/0  m/s 
&  310  m/a .  Coci  correspond  bien,  du  rosto,  aux  valours  do  la 
vitosso  normalo  du  non  &  cos  altitudes. 


Globaleinent ,  bien  entendu,  les  vitessot  apparontos  sent  dif- 
f^rentes,  puisqu'il  faut  tenir  compte  du  temps  mis  par  los 
infrusons  pour  aller  do  la  source  au  ool  k  la  couronno  focalo: 
ce  temps  depend  4videmmont  do  la  puissance  do  1' explosion. 

En  fait,  sur  do  tres  g randeo  distances,  cotte  difference  dans 
le  temps  do  propagation  devient  n»?gligeable  devant  lo  temps 
total,  do  propagation.  En  particulior,  pour  uno  distance  do 
7^00  krn,  on  retrouvo  bien  ur.  temps  do  propagation  da  7  a  8 
heurea  environ,  en  accord  avec  certainea  constatations  exp£- 
rimentalos . 


Comment,  copondant,  les  rayons  arrivent-ils  a  sortir  du  guide 
et  a  retourner  au  sol  7 


II  nous  fe.ut  ici  bien  nouo  souvenir  que  les  rayons  filiforrnes 
que  nous  avons  traces  n'ont  pas  de  reality  physique.  Soules 
les  surfaces  d'onde  existent.  Les  rayons  soiit  bien  entendu  un 
moyen  commode  de  figuror  le  ph($nomfene  physique  do  la  propaga¬ 
tion  k  condition  do  bien  vouloir  consid^rer  qu'ils  s'^largis- 
sent,  par  le  principe  d'Huygens,  au  fur  ot  a  mesure  qu'ils  se 
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propagent.  A  un«  distance  D  do  la  source  sonore  ot  pour  uno 
longueur  <1 1  onde  1®  demi  largeur  du  rayon,  deverrn  un  faioceau, 

oat  r,  donne  par  Tfr®  -  Ad/2.  Or,  pour  une  longueur  d'onde  do 
6  i  8  1cm,  on  volt  quo  cette  domi  largeur  attaint  de  10  k  11  km 
k  lOO  km  da  diatance. 

L'dpaisaeur  maximum  du  guide  dea  90  km  etarit  do  25  km  environ, 
il  oat  clair  quo  lo  guidage  sera  loin  d'Stro  parfait.  II  on  re~ 
aulte  quo  do  l'^norgio  infraaonore  va  fuir  vers  lo  baa,  ot  vera 
lo  baa  seulemert,  lo  gradient  poaitif  trfes  eieve  do  temperatu¬ 
re  qui  limite  superieurement  lo  guide  empfechant  loo  rayons  do 
o'^chapper  vera  lo  haut .  Cette  fuite  va  so  produire  k  peu  prfea 
tout  au  long  du  parcoura,  A  partir  do  distances  do  I'ordro  do, 
diaons,  200  k  1000  kilometres. 

En  effot,  tout  rayon  frfil&nt  1' altitude  des  50  lan  a  des  chances 
d'Stro  dktoumk,  ot  Ciici.  sans  ospoir  do  retour,  par  le  gradient 
inverse  de  temperature  exLalant  entrc  20  et  50  km. 

Un  pi&gaage  dft  k  la  seuie  courbure  terrestre  est  impossible. 

Lee  rayons  aulvront  le  guide,  un  peu  il  la  mani&re  de  la  lumife- 
ro  dans  les  fontaines  lumineusos ,  les  ordres  de  grandeur  du 
rayon  de  courbure  terrestre  (6400  km)  d'une  part  ains-  que  du 
guide  et  des  longueurs  d’ondo  d' autre  part  n'ayant  aucun  rap¬ 
port  . 

Un  facteur  est  determinant,  par  contre,  dans  une  propagation 
de  ce  type:  le  vent  a  l'interleu.r  du  guide,  Supposons  en  effet 
qu'il  existe  un  vent  a  l'interieur  du  guide,  dont  le  profil 
presents  on  minimum  oti  un  maximum.  Ii  esi  evident  quo  dans  le 
premier  cas  ce  profil  de  vent  va  contribuer  k  accentuer  le 
guidage,  tout  en  ralentissont  un  peu  la  Vitesse  generate  de 
propagation.  Dans  le  deuxiemo  cas,  1' inverse  va  so  produire, 
et  le  vent  diminuera  l'efficacitd  du  guide. 
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Kin  effet,  en  projection  horizontale,  3a  vitense  du  vent  s'ajoute 
olgEbriquement  k  la  vitesao  de  propagation  acous'-ique  en  atmos¬ 
phere  calme,  et  un  gradient  positif  de  viteaao  de  vent  est  Equi¬ 
valent  k  un  gradient  positif  de  temperature.  Les  gradients  de 
viteaae  de  vent  so  composent  done  avec  lee  gradients  de  tempe¬ 
rature  pour  intervenir  sur  la  propagation. 


Ainsi  on  aura  in  guide  "polariaE1,  bon  conducteur  du  son  dans 
un  sens,  mauvaia  conducteur  dans  i 1  autre  sens. 


Notons  qu'il  n'est  pas  impossible,  a  priori,  de  trouver  un  pro- 
fil  favorable  (done  k  minimum) ,  mais  acoElErant  la  propagation 
gEnErale.  II  suffit  que  ce  minimum  soit  reJatif. 


Si  on  se  reporte  aux  calculs  de  propagation,  on  vox u  bien  que 
pour  un  mfime  profil  do  vent,  k  un  instant  donne,  la  propagation 
dans  un  sens  "voit"  des  vitesses  de  vent  d'un  certain  signe 
alors  que  la  propagation  en  sens  inverse  les  "voit"  avec  un 
signe  opposE.  Dans  les  deux  cas,  par  centre,  les  gradients  de 
tempErature  sont  1  es  mllmes. 


Si  on  admet  que  le  profil  de  vent  s' inverse  pEr iodiquement  en 
raison  de  la  marEe  atmosphErique ,  on  constate  que  le  guide  sera 
ouvert  h  la  propagation  des  infrasona  alternativement  dans  im 
sens  (par  exemple  est-ouest)  et  dans  1' autre  sens  (ouest-est). 

Ainsi  peut-on  expliquer  une  propagation  tres  lointaine  du  son, 
ef fectivement  observEe  A  tres  grande  distance  dans  des  direc¬ 
tions  Etroites  en  azimut,  et  a  des  heures  favorables  :  d'une 
part  le  guide  necessaire  se  forme,  d‘ autre  part  la  "couroime 
de  bruit"  fournit  la  soui'ce  a  haute  altitude  capable  d'y  rayon - 
ner.  Le  rEsultat  d'ensemble  est  une  propagation  a  iuie  Vitesse 
finalement  tres  voisine  de  la  vitesse  du  son. 
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SttMAIRE 


Dee  observations  antfirieure*  or.t  morrtrt  que  lea  relevts  de  pression  effectuts  A  grande 
distance  at  an  niveau  du  sol,  sur  das  ondes  acoustiques  et  de  gravity  engendrtes  par  une  explo¬ 
sion,  sont  sou vent  dominos  par  le  mode  trenchant  otmosphtrique  de  Lamb  pour  le  premier  cycle  ou 
les  deux  premiers  cycles,  Au  cours  du  present  expose,  les  auteurs  examicent  porticulijrement 
1" excitation  de  ce  mode  par  une  onde  de  souffle  provoquee  par  une  explosion  important e  dans  l'at- 
mosphdre,  Cn  a  pu  observer  qua  la  forco  de  l'excitation  depend  dans  une  large  mesure  de  la  queue 
de  X'onde  de  souffle,  Tautefois,  on  ne  possdde  pas  d' informations  but  1*  forme  exacte  de  cette 
queue  d'onde  de  souffle  j  par  consequent,  toute  representation  analytique  est  obligatoiranent 
asses  arbitraire. 

Un  dtveloppsment  th tori que  moot re  que,  pour  le  mode  de  Lamb  pur,  il  exists  une  relation 
analytique  simple  entre  l'enorgie  de  la  source,  d'une  part,  et,  d’autre  part,  l'omplitude  et  la 
perioda  initiales  du  type  d'onde  de  pression  cnregistrte  dans  le  champ  eioign6,  Cette  relation  est 
campuri’t  »v«c  cert  sines  donnfies  empiriques,  et  semble  bier  concorder  avec  les  estimations  d'Sner- 
gie  bastes  sur  des  observations  eismiques. 
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EXPLOSIVE  EXCITATION  OF  LAMB'S  ATMOSPHERIC  EDGE  MODE 


Joe  W.  Posey*  and  Allan  D.  Pierce 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts 
U.S.A. 


ABSTRACT 


It  has  been  previously  demonstrated  that  far-field  ground-level  pressure  observations 
of  explosively  generated  acoustic-gravity  waves  are  often  dominated  by  the  Lamb  atmospheric 
edge  mode  for  the  first  cycle  or  two.  in  this  paper,  particular  attention  is  given  to 
the  excitation  of  this  mode  by  a  bla3t  wave  from  a  large  atmospheric  explosioi  .  It  is 
found  that  the  strength  of  the  excitation  is  strongly  dependent  upon  the  tail  of  the 
blast  wave.  However,  information  on  the  precise  form  of  the  blast  wave  tail  is  unavail¬ 
able,  so  that  any  analytical  representation  must  be  somewhat  arbitrary. 

A  theoretical  development  shows  that  for  the  pure  Lamb  mode,  a  simple  analytical 
relation  exists  between  the  energy  of  the  source  and  the  initial  amplitude  and  period  of 
the  far-field  pressure  waveform.  This  relation  is  compared  with  some  empirical  data  and 
appears  to  be  in  fair  agreement  with  yield  estimates  based  on  seismic  observations. 

1 .  INTRODUCTION 

Lamb  [1910]  found  an  acoustic  wave  propagation  mode  through  an  isothermal  atmos¬ 
phere  above  a  flat,  rigid  ground  and  in  the  presence  of  gravity  which  contains  no 
vertical  particle  motion.  This  mode  propagates  nondispernively  at  the  speed  of  sound  c, 
and  has  a  pressure  profile  which  decays  exponentially  with  altitude  z. 

p(x,z,t)  =  f(ct  -  £  •  (1^)  (1.1) 

Here,  it  is  the  horizontal  position  vector,  t  is  time,  g  is  the  acceleration  of  gravity, 
and  ^k  iS  the  unit  vector  in  the  direction  of  propagation.  Bretherton  [1969]  found  the 
long  Wave  speed,  cL,  for  the  counterpart  of  Lamb's  mode  in  a  temperature-stratified 
atmosphere,  and  Garrett  [1969a, b]  determined  the  dispersion  relation  for  this  mode, 
which  he  called  the  Lamb  atmospheric  edge  mode,  in  a  temperature-and-wind-stratif ied 
atmosphere.  Garrett's  dispersion  relation  may  be  simply  expressed  as 

o)  =  cEk  -  Dk3  (1.2) 

where  w  is  frequency,  cE  is  the  equivalent  long  wave  speed  in  the  direction  of  propagation, 
D  is  the  dispersion  coefficient  and  k  is  the  wave  number.  For  realistic  temperature  and 
wind  velocity  profiles,  cE  is  approximately  cL  plus  an  average  wind  speed  in  the  direction 
of  propagation.  Since  the  edge  mode  is  nondisper sive  in  an  isothermal  atmosphere  with 
constant  wind,  it  is  no  surprise  that  D  increases  with  the  rms  deviations  of  the  profiles 
of  sound  speed  and  wind  speed.  Since  the  Lamb  mode  energy  decays  exponentially  with 
altitude,  the  appropriate  weighting  function  for  calculating  prefile  averages  decays 
similarly. 

Pierce  and  Posey  [1972]  investigated  the  Lamb  mode  furth€>r,  comparing  its 
dispersion  curve  and  waveform  synthesis  for  a  particular  case  with  the  corresponding 
curves  and  synthesis  resulting  from  the  multi-mode  theory  as  detailed  earlier  by  the 
same  authors  [Pierce  and  Posey, 1970].  It  was  demonstrated  that  the  earliest  cycle  or 
two  of  observed  acoustic-gravity  waveforms  thousands  of  kilometers  from  explosive  sourc  : 
are  sometimes  dominated  by  the  Lamb  edge  mode. 

In  this  paper,  the  problem  of  mathematically  modeling  a  nuclear-explosion  blast 
wave  is  examined,  and  some  theoretical  edge  mode  waveform  character isti  s  are  noted  and 
compared  with  observations. 

2.  BLAST  WAVES  FROM  NUCLEAR  EXPLOSIONS 

The  basic  nonlinear  hydrodynamic  model  of  a  nuclear  explosion  [Taylor , 1950 ; 

Brode, 1955, 1968]  consists  of  an  initially  isothermal  sphere  of  very  small  radius  in 
an  unbounded  isothermal  atmosphere  w:th  negligible  gravity.  The  initial  sphere  has 
ambient  density  and  fluid  velocity,  out  is  assumed  to  have  very  high  temperature  and 
pressure.  Tne  total  initial  potential  energy  (the  specific  heat  of  air  is  assumed 
independent  of  temperature)  inside  the  sphere  is  assumed  a  fixed  rraction  of  the  total 
energy  Y  released  by  the  explosion.  It  would  appear  from  comments  in  sections  1.22, 

2.119  and  7.25  of  Effects  of  Nuclear  Weapons  (ENW) [Glasstone , 1962]  that  Y/2  is  a  good 
approximation  of  this- initial  energy  for  bursts  below  100,000  ft  (  30  km)  and  a  fair 

approximation  at  altitudes  up  to  350,000  (-  100  km),  although  no  quantitative  description 
of  this  fraction  is  given.  In  any  event,  the  results  of  this  paper  will  not.  be  invali¬ 
dated  by  such  a  variation,  provided  enerqy  yield  is  always  interpreted  as  twice  the 
hydrodynamic  energy  of  the  explosion. 
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The  pressure  waveform  in  this  idealized  basic  nonlinear  model  corresponds  to 
hydrodynamic  scaling;  i.e.,  at.  distance  R, 

P  -  P0  F(R/cTY#t/TY)  (2.1) 

where  F  is  a  universal  function  of  two  dimensionless  quantities  and  where  Ty  is  a  charac¬ 
teristic  time,  which  may  be  defined  as  any  constant  times  (Y/p  )1/3/c  For  convenience 
Ty  is  defined  such  that,  when  p  and  c  correspond  to  the  stand Sr d  reference  pressure 
(Prer  “  1  atrl>  ar,d  sound  speed  (cref  =  331  m/sec)  and  when  Y  is  1  KT  (4.2  •  101’  ergs), 
then  Ty  is  equal  to  the  time  dotation  tref  of  the  blaBt  wave  at  a  distance  Rref  (taken 
here  as  1  mile)  from  .-i  l  KT  explosion.  As  explained  later  in  this  section,  tref  is 
chosen  to  be  0.33  sec.  Thus,  ' 


=  <Pref/P0> 


1/3 


(cre{/OY 


1  /  3  f. 

KT  ref 


where 

Ykt  =  Y/ (4.2  x  10‘  1  erqr.) 


U.2) 


(2.3) 


Since,  in  the  homogeneous  atmospher-»  currently  being  considered,  the  amplitude  of 
F  may  be  expected  to  fall  off  nearly  inversely  with  R  (spherical  spreading  in  linear 
acoustics),  Eg.  (2.1)  may  be  rewritten  in  the  form 


P  r  <4P>rof 


Po  cTY  Rref  _  f  t  -  R/c  R 

pref  cI-eftre7  R  1 1  TY  '  cTY 


(2.4) 


where  at  large  distances  R,  F.  should  be  a  relatively  slowly  varying  function  of  its 
second  argument.  Here  (Ap)rej  is  the  shock  overpressure  at  the  reference  distance  Rref 
from  a  1  KT  air  burst  in  the  standard  atmosphere. 

Brode's  [1955]  results  indicate  that  Ap  falls  off  roughly  as  R  1  at  distances 
greater  than  3>  where  X  =  (Y/2pQ) 1 '  3 .  For  the  reference  burst  described  above, 

X0  ref  =  276  m,°Rref  -  5. 84  Xc  ref,  tr3f  =  0.33  sec,  ar.d  (Ap)rep  =  34  mbar .  The  solid 
line  in  Fig.  1  is  the  approximate  form  of  Fj[(t  -  ts) /tref / A0 ]  inferred  from  Brode's 
paper.  Here  A0  is  (8ref/ (Cref tref ) ]  The  negative  phase  duration  is  constant  at  about 
1.22  A0/c0  (1.01  sec  for  the  reference  rase).  Since  (Ap)ref  is  only  about  3%  of  po,  the 
theory  of  weak  shocks  (Whi tham , 1 956]  should  apply  at  Rref ,  which  implies  that  the  duration 
of  the  positive  phase  will  increase  with  distance  in  the  following  manner. 


r>  =  t 
+■  ref 
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=  0.33  [1  +  0.047  ln(R/Rref ) ] u  2 


(2.5) 


Thus,  the  shock  will  propagate  an  additional  140  km  before  T+  is  increased  by  as  little 
as  10%.  (T+  =  2  tref  at  a  range  of  exp  (63. 9)"  Rref.)  Brode  gives  little  information  on 

the  character  of  the  pressure  history  after  the  neqative  phase. 

In  ENW,  the  following  analytical  approx ima tion  (shown  in  Fig.  1  by  the  dashed 
line)  is  given  for  the  form  of  the  pressure  history  in  the  blast  wave. 


PG/Ap  =  (1 


t/Tf)e"t/T+  U(t/r+) 


(2.6) 


Here  t  is  measured  from  the  onset  of  the  shock.  This  agrees  reasonably  well  in  the 
positive  phase  with  Brode's  result,  bu‘  there  are  major  d j scr epanc ies  in  the  negative 
phase.  The  ENW  curve,  often  referred  to  as  the  Glasstone  pulse,  reaches  a  minimum  of 
only  p/Ap  -  -0.13  and  has  a  neqative  phase  of  infinite  duration.  On  the  other  hand, 
Brode's  pulse  has  a  minimum  of  -0.44  and  goes  to  zero  at  t/T+  =  3.S5.  These  differences 
are  of  little  consequence  when  estimating  damage  due  to  the  biast  wave,  which  was  the 
original  intent  of  the  Glasstone  pulse  approximation,  but  they  might  be  of  considerable 
importance  in  determining  the  excitation  of  low  frequency  acoustic-gravity  waves.  Never¬ 
theless,  the  Glasstone  pulse  has  been  used  (Harkr ider , 1 964 ;  Pierce,  Posey  and  Iliff, 
1971)  in  the  determination  of  the  excitation  of  infrasonic  modes  by  nuclear  explosions. 

The  Glasstone  pulse  may  be  modified  to  give  a  pressure  history  which  more  closely 
resembles  Brode's  curve. 


Pg , /Ap  =  (1  -  t/T+) (U(t/T^  <  (3  -  fc/T+)U(t/T+  -  l)|e  t/T4  (2.7) 

This  is  shown  by  the  dash-dot  curve  in  Fig.  1.  Notice  that  this  approximation  has  a 
minimum  value  of  p/Ap  =  -0.29,  crises  the  axis  at  t/T+  --  4,  reaches  a  maximum  of  0.03 
at  5.3  and  then  approaches  zero  asymptotically.  [For  both  Eq .  (2.6'  and  Eq.  (2.7),  the 

total  pressure  impulse,  dt,  is  zero.] 

Th  '  relativ#  excitation  of  low  frequencies  by  the  expressions  Eq.  (2.6)  and 
Eg.  (2.7)  might  be  determined  by  comparing  the  low  frequency  limits  of  their  Fourier 
transforms  (over  time).  If  the  transform  f (w)  of  a  function  f (t)  is  defined  by 
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Thus,  the  approximation  Eq.  (2.7),  which  shows  better  agreement  with  the  calculated  blast 
wave,  appears  to  excite  the  frequencies  of  interest  at  only  1/4  the  .level  of  the  Glasstone 
pulse  given  by  Eq.  (2.6).  However,  since  the  low  frequency  content  of  the  pulse  is 
governed  by  its  tail,  and  since  it  is  not  known  whether  either  of  the  analytic  approxi¬ 
mations  is  representative  of  the  true  pulse  after  the  negative  phase,  the  Glasstone  pulse 
is  used  in  the  remainder  of  this  paper  to  represent  the  blast  wave  because  of  its  simpli¬ 
city.  An  ancillary  reason  for  this  choice  is  that,  as  noted  earlier  in  this  section,  the 
Glasstone  pulse  has  been  used  previously  in  the  syntheses  of  acoustic-gravity  waveforms. 
Thus,  the  blast  wave  pressure  is  taken  to  be  given  by  Eq.  (2.4)  with  F.  (t/t  ..,A  ) 
approximated  by  [pfi (t/T+) /Ap]  as  given  in  Eq.  (2.6).  That  is,  " e  u 

P1(?,A0)  =  (1  -  5)e-5  (2.10) 

3.  FAR-FIELD  PRESSURE  WAVEFORMS 

The  theory  of  excitation  of  the  Lamb  mode  by  an  explosively  generated  blast  wave 
has  been  detailed  by  the  present  authors  (Pierce  and  Posey, 1972) .  For  the  purposes  of 
the  present  paper,  the  far-field  pressure  waveform  may  be  expressed  by 


P(?,t)  =  G(?0,?,cL(x,y)  ,$L(x,y)  )i|»(t,s,0)  (3.1) 

Here  ?  denotes  the  observation  point  and  ?  the  source  location.  The  function  G  is  an 
amplitude  factor  which  contains  effects  of°the  horizontal  refraction  of  rays,  of  differences 
in  ambient  conditions  and  ground  levels  at  the  source  and  receiver,  and  of  source 
strength  (through  the  factor  Y1/’2).  The  refraction  of  rays  occurs  whenever  the  gradient 
of  cE(x,y)  normal  to  the  ray  path  is  not  identically  zero.  The  general  form  of  G  is  not 
repeated  here  for  the  sake  of  brevity.  The  Lamb  mode  long  wave  speed  cE  is  determined  by 
the  temperature  and  wind  velocity'  profiles,  which  vary  with  the  horizontal  coordinates 
x,y.  The  function  i Ji  depends  upon  the  source  strength  and  the  average  cE  and  dispersion 
coefficient  D  along  the  ray  path  from  source  to  receiver  as  well  as  upon  time  t,  approxi¬ 
mate  distance  along  the  ray  s  and  ray  parameter  0.  Specifically, 
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and  Ai  is  the  Airy  function,  defined  by 

Ai(x)  =  —  cos(v’/3  +  xv)dv 
/n  Jo 

The  universal  source  function  M(:j)  is  given  by 
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and  way  be  interpreted  as  the  qharacder lstic  time  dependence  for  the  Lamb  mode  pressure 
in  the  intermediate  field  {before  dispersion  has  had  an  appreciable  accumulative  effect). 
A  plot  of  M(u)  is  given  in  )Fig.  2r  Here,  U(p)  is  the  lleaVisidd  ateji  function. 

Since  M  does  not  vary  from  case  to  oase,  the  shape  and  amplitude  of  ip  are  deter¬ 
mined  solely  by  the  ratio  Ty/Tp,  with  a  change  in  Ta  resulting  only  in  a  tine  shift.  The 
variation  of  1 P  with  Ty/tjj  is  illustrated  in  Fig.  3.  One  of  the  present  authors  [Posey, 
1971]  has  synthesized  Lamb  (node  Waveforms  for  a  number  of  realistic  atmospheres,  source 
strengths,  and  range?.  It  has  been  noted  that  Ty/td  has  normally  been  in  the  range  0.1 
to  0.3.  The  largest:  value  of  this  ratio  calculated  to  date  in  0.4,  correspond ing  to  an 
observation  1666  km  from  a  60  MT  exolosipn.  The  ratio  mav  be  shown  to  be  roughly 
proportional  to  (Y/R)1''3. 

4.  DETERMINATION  OF  EXPLOSION  ENERGY  FROM  PRESSURE  WAVEFORMS 

Since  the  waveform  dependence  on  Y  has  been  clearly  defined,  and  since  only  a 
limited  range  of  Ty/Tp  appears  to  b,e  of  practical  interest,  the  inverse  problem  of  deter¬ 
mining  Y  from  the  shape  and  magnitude  of  observed  waveforms  would  seem  to  be  tenable1. 

A  numerical  study  of  ip  shows  that  a^/(Ty/xD)  3  7  2  is  0.95,  0.90,  0.85  and  0.77  for 
(Ty/TDi  equal  to  0.1,  0.2,  0.3  and  0.4,  respectively.  Here  a |  the  absolute  variation 
variation  of  i  from  its  first  peak  £o  its  ifirst  trough.  The  following  approximation  is 
adopted . 


a1/(TY/TD) 3/2  =  0.9  (4.1) 

The  ratios  of  the  periods  (and  other  calculations  not  shown  here)  to  td  in  the  ’ 
in  the  first  few  cycles  would  appear  from  Fig.  3  to  be  relatively  insensitive  to  the 
value  of  Ty/ip.  One  finds  ; 

Tl,2  ”■  4-°  TD  ,(4-2a) 

,  I 

T2  ^  -  2.6  td  (4.2b)  ! 

where  the  period  Tj  2  is  first  peak  to  second'  peak  and  the  period  T2  3  is  second  peak  to 
third  peak.  Eqs.  (4.2a,b)  imply  that  Tif2/T2,3  33  approximately  constant  at  1.5  for  the 
Lamb  mode,  but  observations  of  explosively  generated  acoustic-gravity  waves  exhibit 
significant  variations  in  this  ratio,  due  perhaps  to  interference  of  other  modes  with 
the  Lamb  mode.  As  noted  in  sec.  1.  it  is  the  earliest  portion  of  the  observed  waveforms 
which  is  apt  to  be  dominated  by  the  Lamb  mode.  Thus,  td  is  approximated  here  by  Tj  j/4, 
which  assumes  that  the  edge  mode  is  dominant  at  least  until  the  second  peak. 

The  dependence  of  G  on  atmospheric  parameters  along  the  ray  path  can  be  eliminated 
by  ignoring  horizontal  refraction,  and  its  dependence  on  conditions  at  the  receiver  can 
be  eliminated  by  taking  the  observer  to  be  at  sea  level  and  by  assuming  that  the  ratio 
cL(x0,y0)/cL''x'y)  is  approximately  1.0  and  that  |t>l|  at  each  of  these  two  locations  is  a 
small  fraction  of  cL.  Heire,  (xq,v0)  are  the  horizontal  coordinates  of  the  source  and 
(x,y)  of  the  receiver.  The  vector  $33  is  the)  weighted  average  of  the  wind  velocity  pro¬ 
file.  Hence,  G  is  approximated  by 

G  =  Y/[Ty3/2B1  sin,/2(R/re)po1"1/Y(ifo)c3/2(fo)]  (4.3) 

where  B^  is  a  dimensioned  constant  equal  to  1.440  atm^1  Y' '/Ykm~3/ 2  ubar  ‘Km,  r  is  the 
great  circle  distance  from  source  to  observer,  re  is  the  radius  of  the  earth,  pQ  is  the 
ambient  pressure,  y  is  the  ratio  of  specific  heats  (=1.4),  and  c  is  the  local  speed  of 
sound .  1  . 

Eqs.  (3.1),  (4.1),  (4.2a)  and  (4.3)  may  be  combined  to  obtain  the  approximate 
relation 

Y  =  B,sinl22(R/re)po1-1/Y(?o)  [d(?o)Tlj2]322pFpT  ,(4.4) 

The  numerical  value  of  the  constant  B2  is  about  0.199  atm^  Y^Ykm  3/^2ubar  1 KT  with  re 
taken  as  6374  km.  The  dependence  on  ambient  pressure  at  the  source  is  fairly  v(eak 
within  the  troposphere,  since  at  10  km  (the  approximate  altitude  of  the  tropopause)  in  a 
typical  atmosphere,  p0l-l/l  =  0.7  atm^'f/l.  The  speed  of  sound  at  the  source  can  also 
vary,  but  generally  stays  within  15%  of  310  m  sec  ’  up.to  an  altitude  of  at  least  60  km. 

Taking  Po(i?o)  to  be  1  atm.  and  replacing  c (?D)  by  310  m  sec  1 ,  one  finds  that 
Eq.  (4.4)  is  further  approximated  by 

I 

Y  =  B3sinl/2<R/re)T1(2!/2pFpT  (4.5) 

The  constant  B3  has  a  value  of  obout  0.034  ubar  ‘sec  3^JKT.  The  relation  (4.5)  is 
considered  applicable  for  heights  of  burst  at  least  up  to  the  tropopause.  Because  of  the 
nature  of  the  assumptions  outlined  above,  this  prediction  may  be  too  large  for  blasts 
where  p0(z0)  <  1  atn  or  for  records  at  long  ranges  from  anall  yield  explosions  [i.e., 
Ty/TD)  <  0.2 J  and  too  small  for  records  at  short  ranges  from  large  yield  sources  [i.e,, 
Ty/td)  >  0.2) . 
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The  waveform  paramoters  Ti  2  a°d  PtPT  tead  from  an  observed  microbarogram  should 
properly  be  used  in  Eq.  (4.  *5)  only  when  the  record  prior  to  the  second  peak  represents 
almost  solely  the  Lamb  mode  pressure  perturbation.  In  principle,  this  can  only  be  the 
case  when  there  is  negligible  background  noise,  when  there  is  not  yet  appreciable  contri¬ 
bution  to  the  record  from  other  mechanical  modes,  and  when  there  is  neqliqible  phase 
shift  due  to  instrument  response. 

In  order  to  check  the  agreement  between  the  approximate  Lamb  mode  relation  and 
the  empirical  waveforms,  the  quantities  pppT  and  ?  are  measured  on  the  records 
presented  by  Harkrider  [1964]  and  by  Donn  and  Shaw  (l967].  The  records  used  here  include 
ail  of  those  in  these  two  collections  for  which  nUth  [1962]  gives  a  source  yield  estimate, 
for  which  the  pressure  scale  could  be  determined  and  for  which  the  first  cycle  of  the 
signal  is  recognizable  above  the  background  noise.  Pressure  amplitudes  for  Harkrider ’s 
records  were  computed  using  hio  microbaroqraph  response  data.  Pressure  amplitudes  for 
the  Donn  and  Shaw  records  were  determined  according  to  the  promises  [W.  Donn,  private 
communication]  that,  (a)  all  records  recorded  by  Lamont.  type  A  mrcrobaroqraphs  are  to  the 
same  scale  and  (b)  the  clip  to  clip  amplitude  of  off  scale  oscillations  was  350  ubars. 

The  data  read  from  these  waveforms  is  given  in  Table  1.  In  Fig.  4,  the  data  is  compared 
with  the  approximate  theoretical  Lamb  mode  relation  of  En.  (4.5).  The  yield  Y  is  taken 
to  be  given  in  each  case  by  B§tb’s  estimate  based  on  seismic  data  as  shown  in  Table  1. 

(The  validity  of  these  yield  estimates  has  not  been  established,  but  they  are  the  only 
quantitative  estimates  which  have  been  published.)  Note  tnat  the  plot  is  full  logarith¬ 
mic.  (This  comparison  was  originally  published  in  a  letter  to  Nature  [Posey  and  Pierce, 
1971].) 

The  scatter  about  the  theoretical  curve  could  be  due  to  various  causes  other  than 
interference  with  the  Lamb  mode  by  other  modes  and  by  noise.  One  possibility  which  seems 
especially  likely  is  the  variation  in  amplitude  due  to  the  horizontal  refraction  and 
subsequent  focusing  and  defocusir.g  caused  by  departures  of  the  atmosphere  from  perfect 
stratification  as  discussed  in  some  detail  by  Posey  [1971].  Also,  some  of  the  scatter 
would  not  be  present  if  data  corresponding  to  explosions  of  greater  than  11  MT  were 
omitted.  Above  all,  it  should  be  remembered  that,  the  first  part  of  this  paper  was 
devoted  to  demonstrating  that  the  source  function  utilized  here  was  chosen  primarily  for 
its  mathematical  simplicity.  A  more  realistic  source  function  might  result  in  a  very 
different  proportionality  factor  in  Eq.  (4.5),  but  the  form  of  this  relation  would  be  the 
same.  Thus,  while  the  amplitude  agreement  seen  in  Fig.  4  is  primarily  due  to  chance,  it 
is  heartening  to  see  that  the  theoretical  curve  appears  to  have  the  correct  slope. 

5.  CONCLUDING  REMARKS 

Two  points  have  been  made  in  this  paper.  First,  the  degree  of  excitation  of 
acoustic-gravity  waves  by  a  blast  wave  is  heavily  dependent,  upon  the  tail  of  the  exciting 
pulse,  about  which  little  has  been  published.  Second,  a  simplified  analysis  of  acoustic- 
gravity  wave  propagation  in  which  a  single  ductinq  mechanism  (Lamb  mode  ducting)  is 
considered  results  in  a  simple  analytical  relation  between  source  strength  and  initial 
waveform  amplitude  and  period.  It  is  suggested  here  that  similar  analyses  for  other 
mechanisms  of  ducting  (sound  channel  ducting  in  particular)  might  be  useful  in  deriving 
other  relations  between  waveform  parameters  and  parameters  of  the  source  and/or  medium. 
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TABLE  1. 

Observed  amplitudes  and  periods.  This  data  corresponds  to  empirical  microbarographs  published  by 
Donn  and  Shaw  (1967)  and  by  Harkrider  (1964),  referred  to  as  DS  and  H,  respectively. 

(a-i,  U.S.S.R.  explosions;  j-n,  <J.S.  explosions). 


Event 

Date 

Bath's  Yield 
Estimate  (MT) 

R  (km) 

1^,2  (sec) 

PFPT  (lJbar) 

Source  of 
Microbar oqram 

a 

9-10-61 

10 

3676 

193 

100 

DS 

6644 

280 

70 

DS 

b 

9-11-61 

9 

8000 

229 

125 

H 

c 

9-14-61 

7 

6569 

258 

61 

DS 

d 

.10-  4-61. 

0 

8000 

220 

80 

H 

e 

10-  6-61 

11 

6674 

300 

59 

DS 

8000 

390 

45 

H 

f 

10-20-61 

5 

8000 

310 

21 

H 

g 

10-23-61 

25 

6677 

376 

280 

DS 

h 

10-30-51 

58 

6688 

400 

500 

DS 

5631 

54  0 

133 

DS 

8000 

690 

140 

H 

i 

10-31-61 

8 

5717 

386 

25 

DS 

j 

5-  4-62 

3 

5375 

200 

36 

DS 

k 

6-10-62 

9 

2177 

187 

125 

DS 

1 

6-12-62 

6 

2172 

200 

55 

DS 

m 

6-27-62 

24 

2192 

187 

264 

DS 

5393 

433 

83 

DS 

9307 

500 

90 

DS 

9350 

4  67 

90 

DS 

rs 

7-11-62 

12 

2185 

200 

180 

DS 

It 


‘  t 


{t-ro)/r0 

Fig. 3  Variation  of  the  waveform  factor  0(t)  with  the  parameter  Ty/rp.  Here  i p  is  normalized  with  respect  to  Ty / 

and  the  time  is  plotted  relative  to  r  in  units  of  Tp. 


Fig. 4  Comparison  of  Data  with  theoretical  yield-period-amplitude  relation.  The  data  points  arc  lettered  a  through 
n  corresponding  to  particular  events  defined  in  Tabic  1 .  The  theoretical  line  is  that  given  by  Fq.  (4.5). 


DISCUSSIONS  ON  Tlfli  PAPiiRS  PRESENTED  IN  SESSION  I  B 
(Acoustic  gravity  waves  in  the  neutral  terrestrial  atmosphere  -  Artificial  sources  and  propagation) 


IB! 


Discuseion  on  psper9  "Acoustic  gravity  vavee  in  the  neutral  atmosphere  and  the  ionosphere", 
by  N.K,  DAUACIOaffiTOC 


Prof.  H,  VOLLANP  :  Did  you  take  intr  account  heat  conduction  and  vi.scoeity  at  thermospheric  height*  in 
your  calculations  T  Due  to  viscosity,  acoustic  wave  energy  is  strongly  dissipated  within  a  frequency 
range  increasing  with  altitude.  Above  200  km  altitude  only  infraaonic  vavee  vith  period*  between  about 
ae  minute  and  the  acouetic  cut-of '  period  are  expected  to  exist  with  detectable  amplitudes. 

Dr,  lf,K,  BALACHAHDRAN  :  No,  in  my  computations  viscous  effects  and  heat  conduction  were  ignored.  For  de¬ 
tailed  analysis  of  waves  detected  at  high  elevations  these  factors  are  important,  For  waves  recorded  at 
the  ground  level,  the  observations  can  be  explained,  reasonably  even  if  we  ignore  viscosity  and  heat  con¬ 
duction  in  the  theoritical  computations. 


Discussion  on  paper  10  ;  "Modeling  of  nuclear  sources  if  acoustic-gravity  waves",  by  B.L,  MURPHY, 


C,F,  P,  HALLEY  :  Dans  vos  conclusions  il  apparatt  que  deux  periodes  sent  privileging  t  ex  2  x  , 
S'agit-il  bien  de  la  periods  de  Brunt-Yaisala  &  l'altitude  de  l'explosion  T  Dane  nos  ofiservatiSns  nous 
trouvons  plutot  x  et  2  t  <L  l'altitude  d'observation. 

6  8 

Dr,  B.L,  MURPHY  :  In  our  model  the  source  (fireball)  oscillates  at  a  period  between  t  and  2  t  ,  where 
x  is  the  Brunt -VSia£l£  period  et  the  stabilization  altitude  (at  or  near  the  tropopaufe).  It  if  tempting 
for  me  to  ascribe  the  oscillations  you  obs er\ e  to  buoyancy  oscillations  of  the  fireball  but  I  have  no 
explanation  as  to  why  the  period  should  be  related  to  t  at  the  observation  point, 

6 

Ik1,  K.  DAVIES  :  Bculder  H,P .  Doppler  records  show  tnat  1  .  in,  waves  propagate  nearly  vertically,  so  that 
they  appear  to  leak  from  duct  over  Bouller  which  is  many  thousands  of  kilometers  from  nuclear  burst.  Can 
shock  wave  propagate  over  these  large  distances  1 

Dr,  B.L,  MURPHY  i  One  can  show  from  equation  (3)  of  our  paper  that  after  m  skips  between  the  baBe  of  the 
ionosphere  and  the  ground  the  positive  phase  duration  of  a  week  shock  iB  increased  by  a  factor  of  appro¬ 
ximately  (1  +  4  £n  n)X/2  over  the  positive  phase  duration  when  the  shock  firBt  reaches  the  ionosphere. 

Thus  subsequent  lengthening  of  the  positive  phase  of  a  weak  shock  after  the  first  skip  would  not  be  large 
enough  to  affect  our  main  argument,  namely  that  the  positive  phase  duration  of  the  shock  at  the  ionosphere 
and  the  observed  iono.pheri  periods  are  of  the  same  order  of  magnitude.  How  long  in  fact  ttar  weak  shock 
itiyi  a  shock  (i.e,  a  disturbance  whose  front  satisfies  the  Ra~uine-Hugcni.ot  relations)  I  do  not  know. 

One  can  imagine  a  variety  of  atmospheric  phenomena  which  would  tend  to  destroy  a  shock  structure  : 
ecaterring  of  the  high  frequencies  at  the  shock  front  by  turbulence  or  small  scale  wind  gradients,  spatial 
separation  of  high  frequencies  by  frequency  dependent  dispersion  or  refraction,  and  alteration  of  pulse 
structure  by  passage  through  a  caustic.  It  may  be  that  acoustic,  as  opposed  to  weak  shock,  equations  are 
applicable  after  only  a  lev  skips  between  ground  and  ionosphere. 

Dr.  N.  CHANQ  :  In  regards  to  the  Y1^  scaling  for  short  periods  oscillations  in  the  ionoaphere,  I  believe 
that  moat  of  the  Doppler  observations  showed  periods  in  the  range  UO-90  seconds.  This  seems  to  be  a  con¬ 
tradiction  of  the  above  scaling. 

Dr,  B.L,  MURPHY  :  According  to  Baker  (1969)  the  periods  ranged  from  30  seconds  to  10  minutes,  periods  of 
about  a  minute  being  predominate .  Typically  the  yields  involved  were  about  a  megaton,  I  do  not  know  if, a 
sufficient  spread  of  yielda  were  involved  that  one  might  check  the  period-yield  scaling.  The  (yieldf' i 
law  is  a  rough  estimate  of  what  might  be  expected.  For  large  yields,  deviations  from  this  law  can  be  anti¬ 
cipated  due  to  :  (a)  The  interaction  of  the  rising  fireball  with  the  shock.  As  noted  by  Greene  and 
Whitaker  (1968)  this  effect  tends  to  compress  the  going  shock  and  hence  the  yield  exponent  would  tend  to 
be  less  than  1/3  •  (b)  Other  inaccuracies  associated  with  modified  Sachs  scaling  for  large  yi.eldB, 


Discussion  on  paper  11  :  "Un  nouveau  mecanisme  pour  la  propagation  lointaine  du  son  dans  1 'atmosphere" 
by  Y,  ROCARD  and  C.  BfeRTHET. 


Dr.  A.  PIERCE  :  This  paper  evidently  gives  u  method  of  incorporating  nonlinear  effects  into  the  theory  of 
geometrical  acoustics  which  is  considerably  different  than  that  used  in  the  analogous  field  of  sonic  booms, 
the  theory  of  which  was  developed  by  Duiraud,  Hayes,  and  Whitham.  In  sonic  boco  theories,  nonlinear  effects 
are  neglected  in  the  determination  of  ray  paths,  and  one  dimensional  weak  shock  theory  is  applied  to  de¬ 
termine  shock  waveforms  of  shocks  propagating  along  a  ray  tube.  An  important  factor  there  is  the  variation 
of  ray  tube  area  with  focusing  on  defocuaing  rays.  This  factor  has  evidently  been  neglected  in  the  pre¬ 
sent  paper. 
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Ill  I 

Prof.  C.  BEKTBET  t  L'affet  do  focaliaation  at  da  dAfocolisation  des  rayons  raata  trAs  saoondaire  dry  ant 
la  cauaa  food  want  ala  da  nan-lintaritA  da  la  propagation  dona  1'atmoaphAre,  li<o  1  la  diminution  erponan- 
tiella  da  la  daniitA  avec  1' altitude  at  aur  laquolla  a  AtA  basAe  nntrc  epprocha.  Naturalleaaot ,  on  pour- 
rait  tan.tr  coopt  a  da  la  focalisation  au  laomant  od  lea  rayons  aa  rapprochant  an  uno  ligne  f  on  ale  dans  la 
"couronna  da  bruit'*  t  on  trourerait  alora  qua  lea  effete  non-linAaires  aont  quel  quo  peu  augment  As, 

Ibto  daa  prof.  X,  ROC  AM  at  C.  BD3THET  : 

"La  traitaaont  da  Graane  at  Whitaker  ant  beaucoup  plus  gAnAral  qua  lea  conclueiona  qu'en  ont  tirS  lea  au- 
taura.  Le  caicul,  b oaf  aur  lea  Aquation*  hydrodynomiques  gAnAraleo,  n'eat  pea  restraint  au  soul  cas  das 
ondas  dc  gravitA  at  las  configurations  donnAes  par  example  figures  5  at  6.  qui  montrent  den  rueuda  de 
presaion  A  haute  altitude,  ne  sont  autros  que  celles  quo  nous  avons  appelAes  "couronna  de  bruit",  Quand 
Greene  at  Whitaker  diaent  que  tout  se  passe  comma  si  las  ondes  de  gravitA  ae  rAflAchiasaient  aur  le  fort 
gradient  thermique  de  la  haute  atmosphere,  ils  pourroient  Atendre  cette  conclusion  aux  ondes  ocoustiques 
quelconques . 

Notre  epproche  par  une  acouatique  de  rayons  asset  simple  a  permis  de  mettre  conmodAment  en  Evi¬ 
dence  la  "couronne  de  bruit"  et  de  dAmontrer  que  cette  couronne  Atait  une  nouvelle  source  rayonnant  danB 
des  directions  nouvellea,  La  confirmation  apportee  par  Greene  et  Whitaker  au  moyen  de  calculs  sur  ordi- 
nateura  puiaeonta  et  la  description  plus  prAcise  qui  en  est  resultA  ont  juatifiA  notre  mAthode," 


General  discussi on 


J.  TESTUD  :  En  1970,  nous  avions  fait  un  caicul  thAorique  montrant  que  1 'electrojet  auroral,  qui  ee  dlve- 
loppe  pendant  un  sous-orage  magnet i que ,  Atait  capable  d'engendrer  des  ondes  atmosphAriques  compatibles 
avec  les  observations  A  moyenne  latitude  de  perturbations  ionosphAriijuea  itinArantes  de  grande  Achelle  : 
pAriodes  de  l'orlre  de  deux  heurea,  vecteur  d'onde  de  l'ordre  de  lO--1  m“l,  Cependant,  ce  module  thAorique 
repoaait  sur  des  hypotheses  niwplifieatricea  qui  en  limitaient  la  voliditA  :  la  hauteur  d'Achelle  H  de 
1 ' atmosphere  Atait  auppoaAe  conatente,  et  les  effets  d'amortissement  Ataient  total ement  nAgliges, 

On  a  rAcenssent  repria  ce  colcul,  en  easayaiit  de  lever  cette  limitation  : 

-  on  a  utiliaA  un  modAle  rAaliate  iout  l'Achelle  de  hauteur  H. 

-  on  a  tenu  caspte  de  l'amortiaament  d(J  A  la  conduction  thermique  (Cet  effet  est  la  principaie 
cause  d'amortissement  dans  la  region  F  de  1' ionosphere. ) 

-  on  a  considAre  que  1' approximation  de  1'optique  gAomAtrique  Atait  applicable  aux  ondes  Amises 
par  la  source. 

Le  rAsultat  de  ce  culcul  est  le  suivant  :  *- 

A  2  500  km  de  la  source  et  vers  300  km  d'altitude  (ce  qui  est  typique  d'une  observation  4  moyenne 
latitude  en  rAgion  F)  la  perturbation  de  vitesse  neutre  horizontale  consiste  Bimplement  en  un  pic  de  gran¬ 
de  amplitude  de  Jargeur  typique  1  heure,  Ce  rAsultat  est  singulier ement  en  contrasts  avec  celui  du  prece¬ 
dent  caicul  avec  lequel  on  obtenait  des  oscillations  pendant  environ  6  heures, 

Ce  rAsultat  eat  important  pour  1' interpretation  des  perturbations  itinArantes  liAes  aux  orages  ma- 
gnAtiques.  II  montre  que  la  periode  des  "ondes"  observees  n'est  en  fait  que  la  periode  de  repetition  des 
sous-orages  dans  la  zone  aurorale,  periode  de  rApAtition  dont  la  vaieur  la  plus  probable  eet  d'ailleurs 
deux  he’ires  comme  l'a  montre  AKASOFU. 
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JUSTIFICATION  FOR  THE  USE  OF  HINES’  ‘ASYMPTOTIC  RELATIONS” 


FOR  TRAVELING  IONOSPHERIC  DISTURBANCES 

by 


Norman  J.F.Chang 

Stanford  Research  Institute 
Menlo  Park,  California 
USA 


JUSTIFICATION  DE  L'tMPLOI  DES  "RELATIONS  ASYMPTOTIQUES"  DE  HINES 
TOUR  LES  PERTIKBATIONS  IONOSPUERIQUES  ITINERANTES 


par 

N,J,F,  Chang 


SOMAIRE 


II  est  demontr£  que  les  ondes  de  gravity  internes  se  propageant  a  des  altitudes  iono- 
spheriques  doivent  presenter  des  angles  de  propagation  proches  du  maximum  permis,  Ainsif  dans  le 
cas  des  perturbations  ionospheriques  it in£r antes  (PII)  l'emploi  des  "relations  asymptotiques"  de 
Hines  est  justifi£  par  la  trajectograpbie.  On  verifie  ces  relations  en  comparant  resultats  theo- 
riques  et  experiment aux  pour  quinze  FII6,  LeB  effets  du  profit  de  temperature  sur  les  proprietes 
menurables  dea  Plls  (inclinaisons  des  fronts  d 'ondes  et  pSriodes)  sont  Studies,  II  est  demontre 
que,  pour  les  PIIs  qui  prenncnt  naissance  en-dessous  de  la  mesopause,  l'atmosphdre  se  comporte 
comne  un  filtre  passe-bande  avec  une  frequence  centrale  favor i sant '  les  periodes  proches  de  20  mi¬ 
nutes. 
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JUSTIFICATION  FOR  THE  USB  Of  HIM :S'  "ASYMITOTIC  RELATIONS" 
~  FOR  TRAVELING  IONOSPHElTlC  DISTURBANCES 


Norma;.  J.  F.  Chan* 
Stanford  Research  Institute 
Menlo  Park,  California 
U.S.A. 


SUMMARY 


It  is  shewn  that  internal  gravity  waves  propagating  at  lonsopherlc  heights  oust  have  propagation 
angles  near  the  maximum  permitted.  Thus,  for  traveling  ionospheric  disturbances  (TIDs)  the  use  of  Hines' 
"asymptotic  relations"  is  justified  by  ray  tracing.  Verification  of  these  relations  is  made  by  comparison 
of  theoretical  with  experimental  results  for  fifteen  TIDa.  The  effects  of  the  temperature  profile  on  the 
measurable  properties  of  TIDs  (wavefront  tilts,  and  periods)  are  discussed.  It  is  shown  that  for  TIDs 
that  originate  below  the  mesopause,  the  atmosphere  behaves  like  a  bandpass  filter  with  center  frequency 
favoring  waves  with  periods  near  20  minutes. 

1 .  INTRODUCTION 

Following  Hines'  (1960)  work,  traveling  ionospheric  disturbances  (TIDs)  are  generally  interpreted  as 
a  consequence  of  atmospheric  internal  gravity  waves  (IGWs),  Although  TIDs  have  beou  observed  with  a 
variety  of  techniques  and  in  widely  separated  locations,  they  appear  related  in  terms  of  periods  and 
horizontal  trace  speeds.  For  example,  TIDs  with  periods  near  20  minutes  ana  speeds  around  150  m/s  seem 
to  be  most  prevalent. 

Observers  have  found  that  at  heights  of  80  to  100  km  the  wavelike  motions  of  the  neutral  atmosphere 
revealed  by  meteor  trails  have  horizontal  scale  sizes  greatly  in  excess  of  the  vertical  scale  sizes.  In 
addition,  the  dominant  motion  observed  is  nearly  horizontal  and  the  periods  of  the  dominant  observed  modes 
are  much  larger  then  the  Brunt-VSisSltt  period  cf  the  atmosphere.  The  fact  that  such  observations  are  in 
agreement  with  certain  limiting  forms  of  the  IGW  dispersion  equation  prompted  Hines  (1960)  to  state  that 
"certain  'asymptotic'  relations  apply  to  the  parameters  that  describe  these  waves."  These  limiting  forms 
have  been  useful  not  only  because  they  simplify  the  dispersion  relation  for  internal  gravity  waves,  but 
more  importantly  because  they  reduce  by  one  the  number  of  parameters  (period,  and  vertical  and  horizontal 
trace  velocities)  necessary  to  describe  the  assumed  plane  wave. 

This  paper  shows  that  in  a  temperature-stratified  atmosphere,  internal  gravity  wave3  at  F-region 
heights  launched  from  an  assumed  source  in  the  lower  atmosphere  must  have  propagation  angles  near  the 
maximum  permitted;  under  these  conditions  the  asymptotic  relations  are  always  valid.  In  addition,  it  is 
shown  that  for  TIDs  that  originate  below  the  mesopause  the  atmosphere  aet3  like  a  bandpass  filter  favoring 
waves  with  periods  of  about  16  to  20  minutes.  In  the  present  discussion,  validity  of  ray  theory  is  assumed 
and  the  atmosphere  is  considered  to  be  stationary.  A  comparison  of  the  available  experimental  results 
supports  the  above  conclusions. 

2 .  THEORY 


The  propagation  of  plane  internal  gravity  waves  in  a  two-dimensional,  stationary,  Isothermal,  non- 
dlssipative  atmosphere  of  uniform  composition  throughout  is  governed  by  the  following  dispersion  relation 
(Hines,  1960): 


2  2  2  2 

(w  -  w  )  <i>  /C 


2  2  2.  2  2 

u  (k  +  k)+oj  k  =  0 
x  Z  S  x 
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where  tu  >=  \g/2C  and  a)  B  Vy  I  'g/C  are  the  acoustic  cut-off  and  Brunt -VSisaitt  frequencies,  respectively. 
The  angular  frequency  8f  the  Internal  gravity  wave  is  denoted  by  id  (<iu  ),  while  C  represents  the  sound 

ft 

speed,  g  the  acceleration  of  gravity,  y  the  specific  heat  ratio  and  k  and  k  the  wove  numbers  in  the 
horizontal  and  vertical  directions,  respectively.  The  geometry  is  chosen  such  that  there  is  no  variation 
in  the  y-direction. 


The  above  equation,  which  is  normally  referred  to  as  the  isothermal  dispersion  relation,  can  bo  put 

in  a  convenient  form  with  the  transformations  k  =  k  sin  0  and  k  =  k  cos  0.  The  result  is 
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where  X  »  (<a>  /m)  and  Y  c  is  An ,  [For  the  significance  of  these  definitions  see  Davies,  Baker,  and  Chang 
(1969)].  The  remaining  pa  rf  meters  are  the  refractive  index,  p,  and  the  phase  velocity,  v  ,  and  its  angle 

p 

with  the  vertical,  0. 


I  i-2 


With  the  dispersion  relation  in  the  form  of  Eq.  (2),  it  is  apparent  that  the  refractive  index  has  a 

singularity  at  0  ■  sin^l/Y).  This  angle  will  bo  called  the  critical  angle.  For  0  S  it/2,  propagation  is 

c 

possible  only  when  0  >  ®  .  When  the  sources  of  the  traveling  disturbances  lie  in  the  lower  atmosphere, 
c 

phase  propagation  must  be  downward  for  an  upward  flow  of  energy.  Thus, 

rt/2  £  0  S  0  b  «  -  sln_1(l/Y>  (3) 

c 

where  0  is  now  given  by  the  right-hand  side  of  Eq.  (3). 
c 

Figure  1  shows  how  the  refractive  index  varies  with  Y  and  0;  its  value  is  equal  to  the  magnitude  of 
the  radius  vector  drawn  from  the  origin  to  the  appropriate  curve.  This  figure  shows  the  projection  of  the 
\x  surfaces  on  the  upper-right  quadrant  of  the  plane.  The  curves  are  symmetric  in  both  axes.  Note 

that  for  Y  «  2,  0C  =  30°,  Thus,  the  curve  for  Y  a  2,  is  asymptotic  to  0  s=  30°,  as  shown. 


The  path  of  internal  gravity  waves  propagating  in  a  temperature-varying  atmosphere  can  be  found  by 
approximating  the  atmosphere  by  a  series  of  constant-temperature  layers.  In  each  of  these  layers  a  given 
plane  wave  must  satisfy  both  the  Isothermal  dispersion  relation  [Eq.  (2)],  and  Snell's  law  which  can  be 
written: 


UJ  _  (JO 
k  sin  0  k 
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V 

p 

— 7* — ;?  =  constant 
sin  0 


(4) 


Subject  to  these  restrictions,  0  versus  height  has  been  calculated  for  families  of  IGWs  propagating 
from  a  source  at  10  km  in  the  1962  U.  S.  Standard  Atmosphere.  The  results  for  wave  periods  of  10,  20,  30, 
and  60  minutes  are  presented  in  Figure  2.  In  these  graphs  waves  with  propagating  angle,  0,  between  90  and 
180°  propagate  energy  upward.  This  is  the  only  type  of  wave  that  will  be  considered.  For  propagating 
waves,  0  cannot  exceed  0C  e  n  -  sin~*(l/Y). 


The  feature  of  interest  in  Figure  2  is  the  behavior  of  0  in  the  thermosphere  (above  100  km).  Above 
120  km  all  internal  gravity  waves  have  propagation  angles  within  a  few  degrees  of  their  critical  angle, 
which  is  shown  by  tha  dashed  line.  For  20-minute  waves  launched  at  10  km  only  those  with  initial 
propagation  angles  between  150  and  135  degrees  will  reach  F-region  heights.  These  waves  will  have  wave- 
front  tilts  between  44  and  54  degrees  from  the  horizontal  in  the  height  range  200  to  300  km.  Waves  with 
30-minute  periods  must  have  initial  propagation  angles  between  160  and  170  degrees.  Their  corresponding 
tilts  are  between  28  and  33  degrees  over  the  200-to-300-kn^  height  range.  Other  quantities  being  equal, 
this  means  that  waves  with  20-mlnute  periods  (since  they  have  a  larger  range  of  allowable  angles)  should 
be  detected  more  frequently  than  30-mlnute  waves.  For-  waves  with  periods  larger  than  30  minutes  the  range 
of  allowable  0's  becomes  even  smaller  than  10  ,  while  those  with  periods  less  than  about  20  minutes  nre 
limited  by  the  Brunt-VaisalS  period  of  the  atmosphere. 


The  Influence  of  wave  periods,  source  heights,  and  different  atmospheres  on  the  range  of  allowable 
0  is  shown  In  Figure  3.  The  critical  angle  is  calculated  at  the  source  height  shown,  while  0  (90  £  0  £  0  ) 

is  the  largest  angle  at  zQ  that  is  reflected  at  the  mesopause.  Only  Internal  gravity  waves  with  angles 
greater  than  this  value  but  less  than  the  critical  angle  will  propagate  to  F-region  heights.  These  curves 
show  that  in  addition  to  a  difference  in  the  magnitude  of  0  -  0C,  the  winter  curve  peaks  at  a  higher 
period  (about  2  minutes)  than  does  the  summer  curve.  This  suggests  that,  on  the  average,  waves  propagating 
into  the  thermosphere  during  the  winter  should  have  slightly  longer  periods  than  those  observed  during 
the  summer. 


While  the  above  statement  should  be  true  for  waves  observed  at  100  to  120  km  altitude,  the  effects  of 
the  Brunt-Vii  lsiila  period  (see  Figure  3)  must  be  Included  for  waves  that  propagnte  above  120  km  and  that 
have  periods  less  than  about  20  minutes.  Since  the  Brunt-Vii  Isa  la  period  is  the  lower  limit  for  propagating 
waves,  its  effect  is  like  a  lowpass  filter  whose  cut-oft  period  Increases  with  Increasing  heights.  Thus, 
Figure  3  shows  that  at  200  km  only  waves  with  periods  greater  than  13.5  minutes  are  permitted,  while  at 
300  km  the  waves  must  havo  periods  greater  than  16  minutes.  Since  the  wave  Is  reflected  as  T  -  Tg,  ray 
theory  probably  falls  In  this  region  and  It  is  expected  that  the  actual  lower  limit  is  a  few  minutes 
higher  than  the  above  numbers.  Hence  the  combined  e’/ect  of  tho  Brunt-Va 1  sal  a  period  and  the  refructive 
properties  of  the  mesopause  act  to  make  the  atmosphere  like  a  bandpass  filter  lavorlng  waves  with  periods 
of  about  16  to  20  minutes. 


3.  COMPARISON  WITH  OBSERVATIONS,  AND  DISCUSSION 

The  most  statistically  meaningful  observations  of  Tills  available  are  those  of  Vunro  anil  Heisler 
(Munro,  1950,  1958;  Munro  and  Heisler,  1956).  Those  studies  In  Australia  revealed  that  the  speeds  ol 
TIDs  most  frequently  observed  lie  between  83  and  !  67  m/s.  During  the  winter,  Tills  generally  travel  north¬ 
ward  with  an  average  speed  of  133  m/s  and  with  a  mean  wavefront  tilt  of  65  degrees.  During  the  summer  they 
travel  southward  with  an  average  speed  of  117  m/s  and  with  a  mean  tilt  of  51  degrees.  Their  periods  range 
from  1(1  to  60  minutes  with  shorter-period  eve. its  being  most  common. 

Observations  have  also  been  made  In  the  northern  hemisphere  by  Thomas  (1959)  and  by  Chan  and  Villurd 
(19(52).  Inn  former  study  produced  results  consistent  with  those  for  the  southern  hemisphere.  than  and 
VI Hard,  however  reported  speeds  of  400  to  765  m/s  with  periods  from  45  to  72  minutes.  Other  observations 


of  TIDs  have  appeared  in  the  literature,  but  the  ones  gLven  above  are  representative.  For  a  summary 
see  Friedman  (1966), 

One  problem  quite  evident  in  the  literature  is  that,  even  though  TIDs  are  generally  attributable  to 
plane  internal  gravity  waves,  the  wave  parameters  available  from  measurements  are  insufficient  to  determine 
the  wave.  In  spite  of  this  it  can  be  seen  that  the  observations  agree  in  principle  with  the  conclusions 
of  Section  2. 

The  Australian  TID3  have  periods  of  about  20  minutes,  speeds  of  about  125  m/s,  and  tilts  of  about 
55  degrees.  The  high  speeds  reported  by  Chan  and  Villard  tend  to  have  longer  periods  and  thus  nearly 
horizontal  wavefronts,  with  a  correspondingly  higher  horizontal  trace  velocity. 

That  TIDs  do  satisfy  the  asymptotic  relations  can  be  demonstrated  more  convincingly  by  comparison  of 
TIDs  that  have  the  parameters  necessary  to  describe  them  completely.  Such  events  found  in  the  literature 
are  listed  in  Table  1. 

The  disturbances  occurring  during  1967  and  1968  were  obtained  using  a  CW  Doppler  technique  as 
described  by  Davies,  Watts  and  Zacharisen  (1962)  The  experiment  consisted  of  a  5-MHz  transmitter 
located  at  each  apex  of  an  approximately  equilateral  triangle  with  sides  about  80  km  (see  Davies  and 
Jones,  1970).  The  signals  were  all  received  at  a  site  in  Boulder,.  Colorado  about  25  km  east  of  the 
extreme  western  transmitter.  A  measure  of  the  vertical  trace  velocity  was  possible  with  two  additional 
transmitters  of  3.3  and  4.0  MHz  at  one  of  the  transmitter  sites.  The  duta  obtained  from  this  network 
enabled  the  velocity  vector  of  a  plane-wave  disturbance  to  be  found  by  means  of  the  sequential  time  delays 
between  observations  at  each  pair  of  stations.  Davies  and  Jones  used  a  cross-correlation  technique  to  find 
the  time  delays  for  their  five  events  listed  in  Table  1.  Time  delays  for  the  remaining  four  1967  events 
in  Table  1  were  deduced  simply  by  tracing  the  disturbance  observed  at  one  site  on  translucent  paper  and 
superimposing  the  results  on  the  records  of  another  site.  The  shift  in  time  required  to  match  features 
was  the  desired  delay. 

The  TIDs  obtained  from  the  works  of  Georges,  Klostermeyer,  and  Munro  were  all  observed  on  sweep- 
frequency  soundings.  Velocities  for  these  events  were  also  determined  from  time  delays  between  similar 
features.  Further  details  of  the  measuring  techniques  and  the  methods  of  data  reduction  can  be  found  in 
the  respective  references. 

In  Table  1  the  parameters  necessary  tc  specify  the  wave  are  tabulated  in  the  three  columns  immediately 
following  the  date  of  each  event,  The  vertical  and  horizontal  trace  velocities,  vj<z  and  v^,  respectively, 
are  related  to  v^  and  0  by 


cos  0  =  v^  sin  0  (5) 

Hence,  if  Vp  and  0  along  with  the  wave  period,  t,  are  known,  the  wave  is  also  determined.  Also  listed  are 
the  speed  of  sound  and  the  critical  propagation  angle  of  each  event  at  the  indicated  height.  This  height 
is  the  median  of  the  observed  maximum  and  minimum  vertical  extent  of  the  disturbance.  In  Davies'  and 
Jones'  observations  the  height  represents  the  observed  maximum. 

Comparison  of  0  and  0c  shows  that  with  the  possible  exception  of  the  events  of  12/13  February  1961, 

IS  July  1967,  and  26  November  1967,  which  are  marked  with  daggers,  each  of  the  other  observations  has  a 
propagation  angle  within  a  few  degrees  of  its  critical  value.  For  the  former  event  the  propagation  angle 
is  questionable  because  some  of  the  angles  averaged  were  less  than  90  degrees,  and  also  because  of  high 
scatter  of  the  published  values. 

The  periods  given  in  Table  1  should  be  treated  with  caution.  For  some  of  the  TIDs  this  period  repre¬ 
sents  the  time  interval  for  a  single  cycle  of  a  quasi -periodic  event.  Even  when  several  cycles  ure  present, 
the  "period**  associated  with  a  disturbance  may  depend  on  which  feutures  are  chosen  for  the  measurement 
[e.g,,  Figure  3  (a)  of  Klos termeyer ,  I960],  Thus,  in  addition  to  the  pt oblems  inherent  in  treating  a 
possible  transient  disturbance  as  a  periodic  phenomenon,  some  events  have  nonconstant  periods  and  there¬ 
fore  cannot  be  represented  by  a  single  value. 

In  view,  of  the  above,  a  better  way  of  deciding  whether  the  propagation  angle  is  near  its  critical 
value  is  to  determine  the  magnitude  of  the  retractive  index  ji.  Figure  1  shows  that  whenever  p  e  4, 

0  i  0C  regardless  of  the  "ave  period.  Table  1  shows  that  Inis  condition  is  satisfied  except  for  a  single 
event . 

Additional  support  for  the  validity  of  the  asymptotic  approximation  may  be  fours  in  Hines'  (1967) 
interpretation  of  TIDs  launched  by  a  nuclear  detonation.  In  that  paper  Hines  showed  that  the  nature  of 
*0*2  D^rturba  lions  observed  by  a  number  of  d  i  t  lerent  stations  can  t»e  explained  on  tin  be.  is  of  energy  flow 
along  frequency-dependent  limiting  angles.  This  behavior  is  furthermore  predicted  lr<m  the  theory  ot  pulse 
propagation  In  a  plane  isotlurmal  atmosphere  (Row,  1967).  Tne  above  is  equivalent  to  the  statement  that 
plane  internal  gravity  waves  propagate  with  angles  near  their  critical  values. 


I  l. 


In  Table  l  no  attempt  was  nude  to  choose  m  teuperatui'e  model  appropriate  for  each  event.  To  see  how 
the  comparison  of  0  and  0C  might  be  affected,  the  calculations  were  repeated  for  each  of  the  following 
1966  U.  S,  Standard  A tmoapl>eren :  (l)  aunner  high-tempera ture  model,  and  (2>  winter  low-temporaturo 

model.  These  two  models  represent  the  two  extreme  temperature  prof lien  likely  to  be  encountered  at  any 
time.  In  all  but  three  cases  (Klos termeyer ' s  events  were  not  considered)  the  1962  U.  S,  Standard  Atmo¬ 
sphere  (which  is  a  mean  model)  was  found  to  be  the  moat  approprl*.  v baaed  on  the  local  time  of  each  event 
and  its  monthly  averaged  10. 7- cm  solar  flux  (see  CIRA  1965  for  the  reduction  procedure).  For  the  three 
exceptions,  twe  shoved  better  agreement  between  0  and  0C. 

In  addition  to  having  propagation  angles  near  their  critical  values,  the  majority  of  the  events 
listed  in  Table  1  have  periods  of  about  20  minutes.  Although  most  of  these  events  were  detected  by  CW 
Doppler  technique,  TID.>  detected  by  other  means  (Munro,  1950,  19SG;  Munro  and  Helsler,  1956;  Tlthcridge, 
1968)  were  also  typified  by  periods  around  20  minutes.  Theae  results  are  consistent  with  the  conclusion 
previously  stoted  regarding  the  paasband  of  the  atmosphere. 

4.  CONCLUSIONS 

For  internal  gravity  waves  at  ionospheric  heights  which  have  originated  from  sources  below  the  tnesG- 
pause,  it  has  been  shown  that  the  refractive  effects  of  the  atmosphere  restrict  the  propagation  angles  of 
the  waves  to  values  near  the  maximum  permitted.  Thus,  for  these  waves  the  use  of  Hines'  asymptotic 
relations  la  always  valid.  Furthermore,  for  these  waves  the  atmosphere  behaves  like  a  bar.ipass  filter 
with  center  frequency  favoring  waves  with  periods  near  20  minutes.  These  conclusions  were  compared  with 
observations  and  good  agreement  was  found. 
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U4B)  (3)  G<  rices  (  1967)  <5)  Kloutenieyer  (  1969) 

1950)  'S)  Da v led  -»nd  Jones  (  1970) 


Figure  1  Refractive  Index  surfaces  for  gravity  waves  in  an  isothermal  atmosphere. 


Figure  2 


Height  Variation  of  internal -gravi ty-wave  propagation  angles  launched  from  a  source  at 
zQ  --  10  \au  In  the  1962  II,  S.  Standard  Atmosphere  The  dashed  line  represents  the  critical 
angle,  0  ,  for  Internal  gravity  waves  of  the  periods  shown. 


PERIOD  —  minutes 


Flpjr*  3  Range  oZ  propagation  angles  (or  sources  located  ft  0,  19,  and  30  kn  altitude  that  will  launch 
Internal  gravity  wave*  above  ICO  km .  1#  the  Brunt-Valsalii  period. 
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CALCULS  lUITb  OM)H  BE  PERTURBATIONS  Dt  BENSITE  ELECTRONlqUE 
CAUSEE3  PAR  DES  QMJES  BE  GRaVITE  AlMDSPlfcRIQUES  BANS  LA  COUQ1E  F2 


par 

J.  Klostermeyer 


SOMAIRE 


Le  systeme  conjugu^  d'equations  lydrodynamiques  qui  decrit  lee  perturbations  d'ondes  de 
gravite  dans  lea  gaz  neutre  et  ionise  est  resolu  par  une  ra£thode  toute  onde  qui  englobe  les 
effete  des  temperatures  et  dea  vents  dependant  de  l'altitude,  de  la  force  de  Coriolis,  de  la 
viscosite,  de  la  conduction  thermique  et  de  la  derive  des  ions,  les  rSsultats  des  calculs  con- 
cordent  bien  avec  les  donnees  experiment  ales  obtenues  a  partir  d'  ioncgrammes  en  incidence  verti- 
cale.  Les  resultats  des  calculs  numeriques  sent  en  outre  combines  avec  les  parainetres  d'ondes 
de  gravite  fournis  par  les  observations  pour  obtenir  des  profils  d'amplitude  et  de  phase  des 
perturbations  de  densite  electronique  suivant  l'altitude,  en  fonction  de  l'inclinaison  magnFti- 
que  et  de  l'azimut  de  propagation  des  ondes,  Seicn  les  calculs,  la  perturbation  depend  dans  une 
tres  large  mesure  de  l'altitude,  de  l'inclinaison  et  de  l'azimut.  Son  amplitude  varie  entre  0  et 
100  S  de  1*  densite  electronique  non  perturb£e,  et  sa  phase  peut  varier  rapidenent  aux  alentours 
du  maximum  de  la  couche  F. 
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FULL  lilftt'E  CALCULATIONS  OF  ELECTRON  DEN5ITY  PERTURBATIONS 
CAUSED  BY  ATMOSPHERIC  GRAVITY  UAVES  IN  THE  F2-LAVER 


3.  ULOSTERMEYER 

Mex-Planck-Institut  fUr  Aaronomla,  Institut  fOr  XanosphBrenphyBik , 
3A11  Lindou/Harz,  Germany 


SUMMARY 


The  coupled  system  of  hydrodynamic  equations,  which  describes  gravity  wave  perturbations  in 
the  neutral  and  ion  gases,  is  solved  by  a  full  wave  method  including  the  effects  of  height  de¬ 
pendent  temperature  and  winds,  Coriolis  force,  viscosity,  thermal  conduction,  and  ion  drag. 
Calculated  results  agree  well  with  experimental  data  deduced  from  vertical  incidence  ionograms. 
The  numerical  calculations  are  further  combined  with  observed  gravity  wave  parameters  to  obtain 
height  profiles  of  the  arrplltude  and  phase  of  the  electron  density  perturbation  as  functions  Df 
the  geomagnetic  Inclination  and  the  azimuth  of  wbvb  propagation.  The  calculated  perturbation 
depends  very  strongly  on  height,  inclination,  arid  Bzimuth.  Its  amplitude  varieB  between  0  and 
100  per  cent  of  the  undisturbed  electron  density,  and  ite  phase  may  change  rapidly  around  the 
F-layer  maximum. 


1.  INTRODUCTION 

During  the  passage  of  atmospheric  gravity  waves  through  the  F-region  the  motion  of  the 
neutral  gas  influences  the  motion  of  the  Ion  gas  by  collisions  and  causes  corresponding  changes 
In  the  motion  of  the  electron  gas  as  a  result  of  Coulomb  forces,  if  the  directions  of  the  neu¬ 
tral  gas  velocity  and  the  geomagnetic  field  are  different,  the  ion  gas  reacts  upon  the  neutral 
gBS  by  attenuating  its  motion.  This  interaction  requires  that  a  realistic  theoretical  calcula¬ 
tion  of  Ionization  density  perturbations  caused  by  gravity  wbvbs  in  the  F-region  muBt  be  based 
on  a  simultaneous  solution  of  a  coupled  system  of  equations  describing  the  perturbations  of  the 
neutral  and  ion  gases. 

Theoretical  descriptions  of  the  F2-layer  response  to  gravity  uiaveB  have  been  published 
by  HOOKE  (1968,  1970),  NELSON  (1968),  THOME  (1968),  TESTUD  and  FRANCOIS  (1971),  and  CLARK,  YEH 
and  LIU  (1971).  These  authors  did  not  treat  the  problem  in  coupled  form  but  Introduced  simpli¬ 
fications  in  order  to  solve  It  in  two  successive  steps. 

(a)  They  solved  thB  equations  describing  the  gravity  wave  propagation  In  the  neutral  gas 
or  merely  postulated  a  model  for  the  neutral  gas  perturbBtlons- 

(b)  The  neutral  gas  perturbations  ware  inserted  Into  the  continuity  equation  of  the  ion 
gas  to  calculate  the  Ionization  changes. 

At  praBbot  the  work  of  CLARK  at  el.  (1971)  ie  the  last  and  most  comprehensive  one.  It  takes 
Into  account  thB  effucts  of  thermal  conduction,  ion  drag,  ion  diffusion,  and  nonlinearity  of  the 
ion  density  perturbation,  but  neglects  all  texms  due  to  neutral  winds  ano  viscosity.  In  order  to 
integrate  the  hydrodyncmlc  equations  a  UIKB  method  Is  used  whose  validity,  however,  is  doubtful 
In  aome  cases  under  consideration. 

It  la  the  purpose  of  this  paper  to  calculate  electron  density  perturbations  using  a 
simultaneous  full  wave  solution  of  the  coupled  system  of  equations  which  describe  the  perturb¬ 
ations  of  the  neutral  and  Ion  gases.  LJe  shell  also  include  the  effects  of  height  dependent 
winds  and  viscosity;  mathematical  difficulties,  however,  uo  not  allow  us  to  consiuur  nonlinear 
affects  In  the  continuity  aquation  of  the  inn  gas  as  has  been  done  by  CLARK  et  el.  (i97i).  In 
aectlon  2  a  description  of  the  calculations  will  lie  given.  In  section  3  we  chall  compare  cal¬ 
culated  and  observed  results  and  present  height  profiles  of  the  amplitude  end  phase  of  the 
electron  density  parturbatlon  as  functions  of  the  geomagnetic  inclination  end  the  azimuth  of 
wave  propagation. 


2.  DESCRIPTION  OF  THE  CALCULATIONS 

The  theoretical  calculation  of  gravity  wave  propagation  starts  from  the  basic  hydro¬ 
dynamic  equations,  i.e.  the  equations  of  continuity,  motion,  and  heat  conduction: 


if  - 

(1) 

dij 

dt  *  !< 

(2) 

ds  q 

dT  *  f 

(3) 

t:  time; 

0:  density; 

jlj :  velocity; 

f:  force  per  unit  mass; 

a:  entropy  per  unit  maBS ;  q:  heat  input  per  unit  mess; 
T:  temperature. 
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In  orasr  to  solve  these  equations  a  perturbation  method  la  used,  i.e.  we  consider  a  state  of  the 
gas,  in  which  p»po+01,  u-un+u  1  etc.  The  subscript  "o"  denotes  the  unperturbed  state,  thB  sub¬ 
script  °i"  the  perturbation  quantities. 

Ue  esaume  that  the  unperturbed  stats  ia  already  known  from  the  solutions  of  the  hydro¬ 
dynamic  equations  or  from  experiments.  Hence  the  model  of  the  undisturbed  atmosphere  is  taken 
from  the  1966  Ll.S.  Standard  Atmosphere  Supplements.  ThB  undisturbed  ion  number  density  is 
described  by  an  a-Chapman  layer.  It  has  been  found  that  observed  ion  density  profiles  at  night 
are  matched  well  by  this  approximation,  whereas  during  daytime  more  serious  discrepancies  may 
occur  especially  in  the  Fl-retjion.  The  horizontal  neutral  wind  components  are  calculated  from 
the  results  of  KOHL  and  KING  (1967);  a  vertical  wind  component  is  not  considered. 

The  perturbation  quantities  srs  assumed  to  be  small  so  that  it  is  Justified  to  neglect 
all  terms  of  higher  than  first  order.  Then  us  have  to  sdlve  the  linBsrizod  farm  of  equations 
(l)~(3),  taking  into  account  the  effects  of  height  dependent  temperature  and  winds,  Coriolis 
force,  viscosity,  thermal  conduction,  end  ion  dreg. 

Including  the  ion  drag  requires,  however,  that  ue  calculate  simultaneously  the  wave 
induced  Ion  aeneity  perturbation  from  the  continuity  equation  of  the  ion  gas 

dn 

dt - VHl  ♦  Q  -  L 

where 

n^s  ion  number  density; 

C|  :  production  rate; 

Ue  introduce  the  following  simplifications. 

(a)  Us  linearize  equation  (L),  because  we  must  trBnt  it  together  with  the  neutral  gas 
equations  In  coupled  form: 


W 

u^  :  ion  velocity; 

L  :  loss  rate. 


fin,  1 

-rr-  *  +  n,  +  Q„  -  L.. 

fit  io— 11  i  1— io  ^1  1 


CLARK  et  al.  (1971)  have  found  that  chls  procedure  may  cause  considerable  errors  especially 
below  the  F-lsyer  maximum  where  the  ion  density  perturbation  may  be  relatively  large,  even  if 
the  neutral  gas  perturhatlons  are  small. 

(b)  CLARK  et  al.  (l97l)  have  further  shown  that  wave  induced  perturbations  of  the  inn 
diffusion  velocity  are  in  general  unimportant  Jo  causing  ion  density  perturbations.  AIbo 
according  ta  GERSHMAN  and  GRIGDR'YEV  (1965)  the  effects  of  wbvb  induced  BlBctric  fields  are 
negligible.  Therefore  we  can  take  uj^to  be  the  projection  of  ui  Blong  the  geomagnetic  field, 
i.e.  un  ■  (uj  •  b^t),  whijre  b^  io  the  direction  of  the  magnetic  field. 

(c)  Ue  nsaume  that  the  term  can  ba  neglected  compared  to  nigu^i-  Experiments! 

results  of  TESTUD  (1971)  indicate  that  Ijiol  io  leas  than  or  nearly  equal  t.o  Ijilil-  Therefore 
our  assumption  is  justified  if  nii  is  small  compared  to  ni0.  Otherwise  we  obtain  o  further 
Brrar  in  addition  to  that  mentioned  under  (a). 

(d)  According  ta  HOOKE  (i960)  wove  induced  perturbations  of  the  oroduction  and  loss 
rates  can  be  neglected  lit  F- region  heights  above  about  250  km. 

Then  we  obtain  the  linearized  lan  continuity  equation 


6n11 

Tt~ 


-(u1,ti)(t.*»nio)  -  ni0*.r(Hl.d)bl 


(5) 


which  la  essentially  Identical  with  equation  (L8)  of  HOOKE  (I96f3).  The  first  term  on  the  right 
hand  side  describes  changes  of  the  ion  density  resulting  from  the  bodily  movement  of  the  layer, 
the  second  term  describe!!  mangos  of  the  ion  denBity  caused  by  compression  and  dilatation. 

Since  the  number  denettlur  of  iona  and  electrons  are  equal ,  the  equation  also  yields  the  elec¬ 
tron  number  OenBltlaa  shown  in  the  next  section. 


The  coupled  system  of  equations  is  Bolved  numerically  by  a  full  wbvb  method,  which  has 
been  described  in  dBterl  by  KLOSTERMEYER  (1972). 


3.  CALCLILATEO  ELECTRON  DENSITY  PERTURBATIONS 

In  contrast,  to  an  analytical  solution  of  thi  linearized  equations  of  hydrodynamics,  a 
numerical  solution  cannot  be  used  for  a  general  Description  of  the  whole  gravity  wave  spectrum. 
Instead  ue  must  confine  ouraBlvea  to  e  description  of  single  wove  modes  with  given  oorlods  and 
horizontal  wavelengths.  In  order  to  get  realistic  electron  density  perturbations  ue  shall 
start  from  a  oerlod  and  a  horizontal  wavelength  which  were  Oerlvso  from  Bn  observed  large  bcbIb 
disturbance  u>  the  F2-lsyer.  This  procedure  also  allows  us  to  compare  calculated  and  observed 
results. 


3.1.  Comparison  between  calculated  and  observed  results 

During  a  magnetically  quiet  night  on  19  October  1961,  a  travelling  ionospheric  disturb¬ 
ance  jns  observed  in  the  F-region  by  means  of  three  vertical  incidence  ionosondes  (KL05TER- 


,  f 
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MEYER,  1969).  Iha  idnosondes  ware  spaced  some  100  km  apart  at  Lindsu  (51°39 ‘ N, 10°OB 1 E) ,  Gsdern 
( 50°27 ' N , 09°U9 ' E ) ,  and  Ostanland  (51°4S' N,aa°38‘ E) .  From  a  real  nelght  analysis  of  the  ionograma 
the  tanporal  electron  density  variation  at  several  fixed  halqhtB  can  be  derived.  Fig.  1  shows 
the  electron  density  variation  at  Lindau.  Lie  see  the  typical  properties  of  a  so-called  large 
scale  disturbance,  a  quasi  period  of  1.5h,  a  downward  propagating  phase,  and  electron  density 
variations  between  10  and  70  par  cent.  From  a  cross  correlation  analysis  of  the  electron  density 
variations  at  different  stations  we  obtain  the  additional  information  that  the  disturbance  had 
a  horizontal  wavelength  of  3300  km  and  travelled  from  north  to  south. 

Today  it  seams  to  bo  generally  accepted  thsc  travelling  ionospheric  disturbances  ere 
caused  by  atmospheric  gravity  waves.  A  comparison  between  the  observed  results  and  numerically 
calculated  nlectron  density  perturbations  is  therefore  a  valuable  teat  whether  the  theoretical 
model  given  in  the  previous  section  represents  a  realistic  description  of  gravity  wave  propaga¬ 
tion  in  the  F-regiun. 

Fig.  2  showa  the  amplitude  |nB-(|/nBo  end  thB  pnass  <p  of  the  relative  electron  density 
perturbation  vs.  height  z  (nBi:alectron  density  perturbation;  nB0:  undisturbed  electron  density). 
Strictly  speaking  zp  denotea  the  phaBS  delay  between  the  relative  electron  density  perturbations 
at  z  •  250  km  and  ax  other  heights.  Negative  values  of  up  thuB  mean  a  phase  advance.  The  conti¬ 
nuous  lines  and  the  circles  lndicat.1  calculated  and  observed  variations  respectively.  Both  vari¬ 
ations  agree  well.  Thib  also  holds  true  for  tne  amplitude  at  lower  heights  although  It  exceeds 
perturbation  magnitude. 

Fig.  2  also  shows  a  comparison  between  observed  and  calculated  height  profiles  of  the 
total  electron  density  nBanB0+nB-|.  The  height  profiles  are  drawn  for  two  different  times  which 
nave  been  chosen  such  that  the  electron  density  at  thB  height  of  the  undisturbed  layer  maximum 
has  Its  greatest  value  (t=4.0D  L.M.T.)  and  its  smallest  value  (t  =  4.45  L.M.T.)  respectively.  At 
t»4.Q0  L.M.T.  the  agreement  between  observod  and  calculated  data  is  good.  At  t<*4.45  L.M.T., 
however,  mors  serious  discrepancies  occur.  The  reason  is  thBt  the  observed  undisturbed  F-layer 
mas  time  dependent  whereas,  in  the  calculations,  It  was  assumed  to  be  constant.  Nevertheless 
both  observed  and  calculated  profiles  show  qualitatively  how  thB  gravity  wave  affects  the  elsctrun 
density  maximum,  ltB  height,  and  the  layer  curvature  during  an  oscillation. 


3.2.  Electron  density  perturbations  as  functions  of  geomagnetic  inclination  ar.d  propagation 

azimuth 

Since  a  period  of  l.5h  and  a  horizontal  wavelength  of  3300  km  seam  to  ba  representative 
for  large  scale  disturbances  In  the  F-reglon,  these  numerical  vBlues  hevB  further  been  used  to 
calculate  height  profiles  of  the  amplitude  and  phase  of  the  electron  density  perturbation  bb 
functions  of  the  geomagnetic  Inclination  and  the  azimuth  of  wovb  propagation.  In  order  to  Inves¬ 
tigate  tho  Influence  of  both  parameters,  two  assumptions  have  bBen  mBde. 

(a)  The  psromete  a  of  the  undisturbed  thermoBphBrlc  and  ionospheric  mDdelB  remain  the 
name  as  in  the  calculations  described  in  section  3. 1. 

(b)  The  amplitude  and  the  phase  of  the  neutral  gaB  density  perturbation  at  a  lower  bound¬ 
ary  z  m  150  km  are  assumed  to  have  ths  sams  values  as  thB  obsBrvBd  wbvb.  The  choice  of  the  neu¬ 
tral  gas  density  perturbation  is  pur  >ly  arbitrary.  We  could  have  chosen  the  perturbation  of  any 
other  neutral  gas  variable. like  the  horizontal  or  vertical  velocity  component,  temperature  etc. 

The  lower  boundary  baa  been  chosen  at  z  *  150  km  because,  at  such  a  low  height,  the  ion  drag 

ia  small  and  cannot  influence  ih8  gravity  wbvb  propagation. 

At  thle  point  It  should  be  mentioned  that  changes  of  the  Inclination  include  corresponding 
changes  of  the  geographic  latitude.  Consequently  the  gravity  wbvb  propagation  1b  affBcted  not 
only  by  changes  of  the  ion  drag  but  bIbo  by  direct  changes  of  the  Coriolis  force.  For  a  wave 
period  of  1.5h,  however,  the  influence  of  the  Coriolis  force  is  small  conpared  to  the  influence 
of  tho  Ion  dreg. 

Figs.  3a  and  3b  show  height  profiles  of  the  amplitude  8nd  phase  of  the  relative  electron 
dBnslty  perturbation  as  functions  of  the  geomagnetic  inclination  X.  Fig.  3c  contains  electron 
density  profiles  at  two  different  times,  which  have  again  been  chosen  such  that  tho  electron 
density  at  the  height  of  the  undisturbed  layer  maximum  has  its  greatest  value  (continuous  lines) 
arid  its  smallest  vbIub  (cashed  lines)  respectively.  The  gravity  wove  is  essumsd  to  travel  equator- 
ward  except  for  1-0°,  where  it  may  travel  towaiO  thB  north  or  south.  All  curves  are  valid  for 
positive  and  negative  values  of  I,  l.e.  in  tha  northern  anu  southern  hemispheres.  They  can  be 
easily  interpreted  by  means  of  equation  (5’1  taking  into  account  that  the  number  densities  of  ions 
and  electrons  are  equal. 

(a)  At  tho  gaome'.notic  poise  (I«  -  9U  ),  the  term  u^-b  is  very  small,  because  the  velocity 
u-j  la  nearly  horizontal.  Therefore  the  amplitude  lnB^|/nBO  is  also  very  Bmall  in  the  whole  height 
Tangs,  and  ths  total  electron  density  profiles  nB(z)  Bhow  no  significant  temporal  variations. 

(b)  At  mid-latitudes  (I-  *  67. 5b,  I--*  -  45°,  1»  ±  22. 5°),  all  amplitude  curves  heve  a 
similar  behaviour.  8b!ow  the  layer  maximum  where  the  gradient  of  the  undisturbed  lByer,  7nj0,  is 
very  steep,  the  upward  and  durinward  motion  of  the  layer  as  a  whole  yields  large  anplitudep.  which 
may  oxceed  perturbation  magnitude.  Near  the  maximum  where  7nj0  is  small,  we  find  also  relatively 
small  amplitudes  resulting  mainly  From  layer  compression  and  dilatation.  Above  the  maximum  the 
uuntributlon  of  the  bodily  movemant  of  tha  layer  increases  Bgain,  but  the  resulting  amplitudes 
do  not  exceed  perturbation  magnitude.  All  phase  curves  at  mid-latitudes  show  a  more  or  less 
pronounced  phase  reversal  around  the  layer  maximum  confirming  thBt  the  electron  density  per¬ 
turbations  are  caused  mainly  by  an  upward  and  downward  mntiun  of  the  layer  as  a  whole  while 
compression  plays  only  a  minor  role.  The  total  electron  density  profiles  indicate  large  temporal 
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(c)  At  the  geomagnetic  equator  (1-0°)  t,hB  term  t)*?nio  le  equal  to  zero,  so  that  the 
amplitude  and  phase  variations  result  only  from  compression  and  dilatation.  Consequently  the  ampli¬ 
tude  end  phase  values  do  not  change  rapidly  In  the  uhole  height  range.  The  total  electron  density 
profiles  reveal  only  a  temporal  variation  of  the  electron  density  at  different  heights,  but 
there  are  no  significant  variations  of  the  height  of  the  layer  maximum  and  of  the  layer  curvature. 

Fige.  4e-4c  present  height  profiles  of  | nBl| /nBQ ,$,  and  nB  ea  functionB  of  the  azimuth  of 
wave  propagation.  The  continuous  and  dashed  lines  In  Fig.  4c  hsve  the  same  meaning  as  iri  Fig.  3c. 
The  geomagnetic  inclination  is  assumed  to  be  67.5°. 

A  gravity  ueve  travelling  enstyard  or  yestyard  causes  only  unimportant  electron  denBity 
perturbations  in  contrast  to  e  yave  travelling  toward  the  equator  or  pole,  bacause  the  term  u-j-b^ 
in  equation  (5)  is  very  small.  The  amplitude  curves  of  the  equatoruard  and  poleward  propagating 
yavee  ahoy  VBry  similar  shapes;  the  same  is  true  for  ths  corresponding  phsse  curves.  Hoyever, 
the  amplitude  curves  differ  by  a  factor  2,  end  the  phoee  curves  are  shifted  against  each  other 
by  about  90°.  The  total  electron  density  profiles  ahoy  no  significant  temporal  variations  except 
for  equetoruard  propagation. 


4.  CONCLUDING  REMARKS 

In  order  to  give  a  quantitative  description  of  gravity  yave  induced  electron  density 
perturbations,  the  linearized  hydrodynamic  equations  must,  be  solved  numerically.  Consequently  ye 
cannot  give  a  general  description  for  the  uhole  yave  spectrum  but  must  confine  ourselves  to  sin¬ 
gle  yave  modes.  Nevertheless  it  is  possible  to  generalize  the  above  mentioned  results  for  gravity 
waves  yith  long  periods  of  the  order  of  ih  and  more. 

At  geomagnetic  mid-latitudes  the  amplitude  of  the  electron  density  perturbation  is  largest 
if  the  uaves  travel  in  the  geomagnetic  north-south  direction.  The  perturbations  are  mainly  caused 
by  the  bodily  movement,  of  the  layer;  compression  plays  a  dominant  role  only  in  a  small  height 
range  around  the  F-layer  maximum.  The  perturbations  are  therefore  largely  determined  by  the 
undisturbed  layer  gradient.  The  typical  height  profile  of  thB  relative  perturbation  amplitude 
uhous  e  minimum  near  the  layer  maximum  and  large  values  belou  it,  uhlch  may  even  be  greeter  then 
1.  The  height  profile  of  the  perturbation  pheae  is  characterized  by  a  phase  reversal  around  the 
layer  maximum. 

If  the  purely  dynamical  terms  in  the  ion  continuity  equation  (5)  are  small  or  vanish, 
effects  due  to  ion  dlffuelon,  usv3  Induced  electric  flelde,  production  and  Iobb  pooibly  play  a 
dominant  role  in  producing  ionization  perturbations.  The  reeuitB  given  in  eBCtion  3.2  for  I»  i  90° 
end  for  east-uest  propagation  may  be  changed  by  these  effects.  The  resulting  amplitudes,  however, 
should  remain  small  compered  to  the  amplitudes  obtained  in  sll  other  cbbbb. 
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Dr.  111.  Uarnum  for  his  assistance  in  translating  this  paper  Into  EnglLeh.  The  paper  ia  published 
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Fig.  1.  Observed  electron  density  vs.  time  at  different  heights. 
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Fig.  2.  Amplitude  and  phase  of  the  relative  electron  densi  tv  pert.urbntiun  and  tntnl  electron 

density  vs.  height. 

Continuous  end  dashed  lines:  Calculated  variations 
Circles  and  triangles.  Observed  variations. 
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Fig.  3b.  Height  profiles  of  the  amplitude  of  the  relative  electron  density  perturbation  as 
functions  of  the  geomagnetic  inclination. 


Fig.  3b.  Haight  profiles  of  the  phase  or'  the  relative  electron  density  perturbation  as  functions 
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Fig.  3c.  Height  profiles  of  tha  total  alactron  density  as  functions  of  ths  geomagnetic  Incline-  i 
tlon.  Ths  continuous  and  dashed  Unas  Indicate  two  different  times,  which  have  been 
chosen  such  that  tha  electron  density  at  the  height  of  ihe  undisturbed  layer  maximum 
has  lte  greatest  end  Its  smallest  value  respectively^ 


Fig.  Haight  profiles  or  the  amplitude  of  the  relative  electron  density  perturbation  ee 

functions  of  tha  propagation  azimuth. 
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Tig.  4b.  Haight  profiles  of  tha  phaaa  of  tha  ralatlva  alactron  density  perturbation  mr  functions 
of  tha  propagation  azimuth. 


Fig.  4c.  Haight  profilaa  of  the  total  alactron  dnnaity  aa  functions  of  tha  oropagetlon  azimuth. 
The  continuous  and  dashed  llnae  hava  the  soma  meaning  aa  In  Fig.  3c. 
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SCMMAIRfc 


Au  cours  die  cette  analyse,  i'auteur  Ctudie  deux  aspects  des  enrejistrements  effectuSs 
de  nuit,  A  Brisbane,  A  l'aide  de  mi crobajrogrxphe*  de  grande  sensibilito,  Pendant  les  huit  annSes 
d'enregiatrenent ,  il  y  eut  217  nuits  au  cours  desquelles  on  observa  dee  nr, dee  de  gravit£  bien 
difinies,  prisentant  des  ptriodea  d' environ  12  ninutes  et  des  asplitudea  de  l'ordre  de  10  p  bars, 
Des  analyses  effectuees  en  superposant  les  6poques ,  au  aoyen  des  dates  d' apparition  de  cee  ondta 
conaidfr#ea  came  dates  de  contrSle,  en  period*  de  ainiaua  des  taches  solairea,  revSlArent  une 
apparente  association  entre  dee  dat.ee  et  la  presence  de  conditions  innoaphferiqae.-i  a  F  diffus  dans 
lea  regions  aous-aurorales  de  It  Terre,  D'autre  part,  lorsqu'on  effectua  le  relevS  graphique  des 
activitAs  quantvfiiea  par  le  K»bre  des  taches  et  des  activitSs  gtoaagnetiquer  aux  dates  en  qucs~ 
tion,  on  trouva,  dans  lea  r6part it  ions t  des  p£riodicit6s  de  2T  jours,  1/ auteur  montre  que,  dans 
certaina  cas,  l'apparition  d'ondes  de  iprevit£  est  liee  au  peerage  de  fronts  de  perturbations  «‘- 
tSorologiques  A  Brisbane,  Ce  sont  toutefois  les  autres  cas  qui  eeublrm.  f*re  liSs  A  l'apparition 
du  F  di.’fus .  L'auteur  to  at  re  Sgaldnent  que  certaineu  donnSes  rtvAlent  uno  arscciation  entre  1  'ap¬ 
parition  d'ondes  acoustiques  ataoaphtriques  et  les  activity*  soiai-eo  quant i freed  par  le  nombre 
del  tache*.  Cee  ondes  prisentent  des  pfa-iodee  d'environ  3  minutes  et  des  amplitudes  de  l’ordre  de 
10  u  bars. 
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Australia 


SUMMARY 


This  analysis  investigates  two  aspects  of  the  nighttime  recordings,  at  Brisbane,  of  microbarographs  of 
high  sensitivity.  There  were  217  nights  in  the  8-year  recording  interval  when  the  records  showed  well- 
defined  gravity  waves  with  periods  around  12  minutes  and  amplitudes  of  the  order  of  10  ubar.  Superposed- 
epoch  analyses  using  these  occurrences  as  control  dates,  for  a  sunspot-minimum  period,  rcvealcJ  an 
apparent  association  between  the  dates  and  the  occurrence  of  ionospheric  Spread-F  conditions  in  sub-auroral 
regions  of  the  Earth.  Also,  when  sunspot  activity  and  geomagnetic  activity  were  plotted  relative  to  these 
dates,  there  was  evidence  of  27-day  periodicities  in  the  distributions.  Some  gravity-wave  occurrences  are 
shown  to  be  related  to  the  passage  of  weather  fronts  at  Brisbane.  However,  it  is  the  remaining 
occurrences  which  appear  to  be  arsociated  with  the  occurrence  of  Spread-F.  The  paper  also  shows  that 
there  is  some  evidence  for  an  association  between  the  occurrence  of  atmospheric  acoustic  waves  and  sunspot 
activity.  These  waves  have  periods  around  3  minutes  and  amplitudes  of  the  order  of  10  ubar. 

1.  INTRODUCTION 

1.1.  The  Experiment 

An  experiment  which  uses  micro'uarographs  of  high  sensitivity  (Jones  and  Forbes,  1962)  has  been  in 
operation  at  Brisbane  almost  continuously  since  June,  1963.  Brisbane  has  a  geomagnetic  latitude  of  36°S 
and  is  located  half-way  up  the  eastern  coast  of  Australia.  The  principal  reason  for  establishing  this 
experiment  was  to  search  for  a  possible  association  between  Spread-F  conditions  in  the  ionosphere  over 
Brisbane  and  gravity  waves  recorded  at  ground  level  by  the  microbarographs.  The  experiment  was  prompted 
by  the  possibility  that  ionospheric  Spread-F  conditions  are  produced  by  the  passage  of  gravity  waves 
through  the  neutral  atmosphere  of  the  ionosphere  (McNicol  et . ,  al.,  1956;  Bowman,  1960a;  Bowman,  1968a, 
1968b).  Although  some  associations  have  been  found  between  ground-level  pressure  waves  and  some  types  of 
ionospheric  irregularities  over  Brisbane  (Bowman  and  Shrestha,  1966;  Bowman  and  Khan,  1970;  Khan,  1970; 
Shrestha,  1971a,  1971b),  attempts  to  associate  local  Spread-F  conditions  with  atmospheric  gravity  waves 
have  not  been  convincing  (see  e.g.  Figure  8  of  Bowman.  1968a).  In  this  paper  atmospheric  gravity  waves 
will  be  abbreviated  to  AGWs . 

1.2.  Details  of  Observations  and  Methods  of  Analysis  Used. 

This  paper  presents  evidence  for  an  association  between  well-defined  gravity  waves  at  Brisbane  and 
Spread-F  conditions  in  regions  of  the  Earth  just  equatorward  of  the  southern  and  northern  au- oral  tones. 

The  gravity  waves  have  an  average  periodicity  of  12  minutes,  amplitudes  around  10  microbars,  and  exist 
as  a  series  of  wave  trains  which  often  persist  fot  most  of  the  night.  Associations  of  the  occurrence  of 
these  wave"  with  sunspot  activity  and  geomagnetic  activity  have  also  been  investigated.  In  addition,  the 
paper  will  discuss  briefly  a  possible  association  between  atmospheric  acoustic  waves  (abbreviated  here  as 
AAWs)  and  sunspot  activity.  These  acou«r;r  waves  usually  taV-  the  r'">rm  of  an  isolated  hiust  of  on’y  u  few 
cvcles.  They  have  amplitudes  of  about  10  microbars  and  an  average  periodicity  of  3  minutes. 

The  superposed-epoch  method  of  analysis  (Chree  and  Stagg,  1928)  is  used  extensively  in  this  paper. 

The  points  in  the  distributions  which  result  from  this  type  of  analysis  are  presented  here  cither  as 
displacements  from  the  average  value  using  the  standard  deviation  (u)  of  each  distribution  as  a  displace¬ 
ment  of  unity;  or,  alternatively  with  the  average  value  of  the  displacements  normalized  to  unity.  Normal 
distributions  are  assumed  for  the  points.  Because  daytime  microbarograph  conditions  at  Brisbane  ire  often 
noisy,  the  analysis  has  investigated  only  the  nighttime  records.  The  presence  of  AGWs  can  be  identified 
on  about  30  per  cent  of  all  nights.  However,  the  control  dates  used  here  in  the  analyses  relate  only  to 
those  particular  nights  when  the  activity  was  well-defined.  The  selection  of  these  dates  from  the  nights 
when  some  gravity-wave  activity  was  detectable  was  somewhat  subjective.  It  has  been  convenient  to  divide 
the  recording  interval  into  two  periods;  firstly,  a  sunspet-minimum  period  (June,  1963  t:o  June,  1966), 
when  there  were  108  nights  of  well-defined  AGWs,  and  secondly  a  sunspot -maximum  period  (July,  1966  to 
June,  1971)  which  had  109  ruch  occasions.  Also,  in  these  sunspot -minimum  and  sunspot -maximum  periods 
there  were  AAWs  recorded  on  243  and  411  occasions  respectively,  the  second  period  here  being  extended  to 
October,  1971.  Usually  wh  n  an  acoustic-wave  event  occurred  it  was  the  only  one  for  Ihe  night;  although 
on  some  occasions  several  occurred  on  the  one  night. 

Figure  i  shows  a  micio  larograph  record  which  contains  well-defined  AGWs.  The  various  levels  have 
been  arranged  so  as  to  illustrate  the  tendency,  which  is  seen  from  time  to  time,  for  the  wave  packets  to 
occur  at  regular  intervals.  Here  the  interval  is  84  minutes.  Also,  the  record  is  presented  with  a 
certain  overlap  in  time  between  the  various  levels.  Figure  2  is  an  example  of  the  occurrence  of  AAWs. 

Here  the  periodicity  is  2.7  minutes.  The  analysis  of  Spread-F  occurrence  data  presented  difficulties. 

The  niarxed  annual  and  semi-annual  variations  fFigure  28  of  Bowman  1960b)  produced  unwanted  long-term 
periodicities  in  the  distributions.  In  addition,  if  the  raw  data  were  used,  periods  when  SpreaJ-F 
activity  was  high  had  a  greater  influence  on  the  calculation  of  any  particular  value  in  the  distribution 
than  those  periods  when  the  activity  was  low.  These  problems  were  overcome  by  dividing  a  normal  year  into 
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eleven  31-day  periods  and  a  24-day  period  at  the  end.  Then,  before  data  were  used  in  any  analysis  they 
were  normalized  by  dividing  the  value  of  each  day's  activity  within  each  period,  by  the  average  activity 
for  that  period.  The  Brisbane  nighttime  recording  periods  can  be  taken  as  1800  to  0600  local  time  or 
0800  to  2000  Universal  Time.  The  control  dates  were  determined  from  the  Unlveisa]  Time  of  the  recordings. 

2.  SPREAD-F  ASSOCIATION  WITH  ATMOSPHERIC  GRAVITY  WAVES 

Daily  estimates  of  Spread-F  activity,  deduced  from  published  hourly  values  of  ionospheric  parameters, 
have  been  made  for  the  sunspot-minimum  period,  for  67  ionospheric  stations  located  throughout  the  world, 
These  stations  are  found  in  one  of  seven  regions  of  the  Earth,  the  boundaries  of  the  regions  being 
determined  by  lines  of  constant  L-shell  values,  figure  3  indicates  the  locations  of  these  regions  in  the 
vicinity  of  Australia  and  shows  the  position  of  Brisbane  relative  to  them.  Each  L-shell  region  in  the 
southern  hemisphere  (labelled  a  to  g  inclusive  on  Figure  3)  has  a  complementary  region  in  the  northern 
hemisphere. 

Figure  4  shows  the  result  of  a  superposed-epoch  analysis  of  Spread-F  occurrence  relative  to  the 
control  datos  for  AGWs  at  Brisbane.  In  this  analysis  the  seven  regions  have  been  grouped  together  in  such 
a  way  that  they  form  3  larger  regions.  For  regions  a  and  b  combined  (Figure  4a)  the  high  values  in  the 
distribution,  which  occur  at  the  centre  day  and  a  day  later,  suggest  an  association.  On  the  latter  day 
the  value  is  slightly  greater  than  3.5  standard  deviations  (o)  from  the  average  value.  Assuming  a  normal 
distribution,  the  significance  of  this  value  can  be  stated  as  follows.  The  probability  of  this  value,  or 
one  greater  than  it,  occurring  randomly  in  the  distribution  is  1  in  4,500.  In  other  words  an  association 
between  the  occurrence  of  Spread-F  in  these  regions  and  AGWs  at  Brisbane  seems  quite  probable.  In  the 
other  two  distributions  (covering  latitude  regions  almost  up  to  the  equator)  the  displacements  near  the 
centre  day  are  not  significant  (see  Figures  4b  and  4c).  Incidentally,  a  search  for  an  association  between 
AGWs  and  Spread-F  conditions  at  Brisbane,  by  similar  methods,  proved  negative. 

The  suggested  association  can  be  further  tested  by  subdivision  of  the  data.  Figure  5  shows  another 
superposed-epoch  analysis  which  combines  the  Spread-F  occurrence  from  regions  a,  b  and  c  for  2  uifferent 
time  intervals  (June,  1963  to  December,  1964  and  January,  1965  to  June,  1966).  It  will  be  seen  that  sig¬ 
nificant  peaks  occur  near  the  centre  day  for  both  distributions  (namely  3.3  o  and  2.4  o  respectively). 
Another  type  of  subdivision  is  achieved  by  analysing  in  a  similar  manner,  each  of  the  seven  regions 
separately,  for  the  total  period  (June,  1963  to  June,  1966).  Although  these  distributions  are  not  shown 
here,  the  displacements  for  the  centre  day  or  the  day  after,  whichever  displacement  is  the  greater,  are 
shown  plotted  on  Figure  6.  The  important  feature  on  this  figure  is  the  highly  significant  values  for 
regions  a  and  b  Separately  (namely  3.1  o  and  2.8  o  respectively).  Thus  the  proposed  association  seems  to 
have  stood  the  test  of  these  subdivisions,  and  so  the  •rgument  for  an  association  is  further  strengthened. 

Spread-F  stations  at  latitudes  higher  than  those  used  here  have  on  occasions  extensive  ionospheric 
blackout  periods  which  make  it  difficult  to  determine  the  real  Spread-F  occurrence.  For  this  reason  these 
stations  have  been  omitted  from  this  present  analysis.  However,  attempts  to  use  Spread-F  information  from 
these  stations  could  be  made  in  future  analyses. 

3.  ATMOSPHERIC-GRAVITY-WAVE  OCCURRENCE  COMPARED  WITH  SUNSPOT  AND  GEOMAGNETIC  ACTIVITY 

Superposed-epoch  analyses  have  been  used  to  examine  the  variation  of  sunspot  activity  end  geomagnetic 
activity,  separately,  relative  to  the  AGW  control  dates.  Also,  the  sunspot -minimum  period  (June,  1963  to 
June,  1966)  and  the  sunspot-maximum  period  (July,  1966  to  June,  1971)  are  investigated  separately. 

Figure  7(a)  shows  the  variation  of  sunspot  numbers  relative  to  the  control  dates  for  the  sunspot -minimum 
period,  while  Figure  7(b)  is  the  variation  for  Ap  indices  for  the  sunspot -maximum  period.  For  the  sunspot 
numbers  a  27-day  periodicity  can  be  seen  particularly  in  the  distribution  for  the  period  before  the  centre 
day.  For  the  Ap  indices  a  27-day  periodicity  is  not  as  obvious,  although  there  is  some  evidence  for  it. 

Figure  8  shows,  by  the  solid  lines,  the  results  of  fourier  analyses  of  these  distributions  (Figure  7) 
as  well  as  two  other  distributions  which  have  not  been  illustrated  here.  Figures  8a  and  8c  relate  to  the 
sunspot-minimum  period  while  Figures  8b  and  8d  relate  to  the  sunspot -maximum  period.  Three  of  these  four 
diagrams  show  relatively  large  amplitudes  for  a  period  of  27.43  days  (i.e.  a  value  close  to  the  average 
solar- rotation  period  for  sunspots).  The  dashed  lines  on  the  diagrams  show  the  results  obtained  if,  instead 
of  using  the  AGW  control  dates,  an  equal  number  of  dates  chosen  randomly  in  each  period,  are  used.  There 
seems  to  be  no  particular  tendency  for  these  distributions  to  peak  at  27.43  days.  It  is  perhaps  signifi¬ 
cant  that  the  phases  of  the  two  sunspot-number  distributions  (Figures  8a  and  8b)  are  such  that  oscillations 
are  a  maximum  2.3  and  1.9  days  respectively,  before  the  centre  day.  For  the  Ap-indices  distribution 
showing  a  periodicity  around  27  days  (Figure  8d)  the  oscillation  has  a  ra.tximura  0.2  days  after  the  centre 
day.  If  the  gravity  waves  are  associated  with  the  sunspot  activity  by  means  of  solar  particles  coming  from 
sunspot  regions,  a  rough  estimate  of  the  delay  between  the  two  phenomena  would  be  2  days.  Whereas, 
geomagnetic  activity  would  be  expected  to  coincide  approximately  with  the  gravity-wave  activity. 

4.  THE  PASSAGE  OF  WEATHER  FRONTS  THROUGH  BRISBANE 
4.1.  The  Association  of  Fronts  with  AGWs 

If  the  AGWs,  which  occur  regularly,  originate  in  weather  systems  in  the  vicinity  of  Brisbane,  weather 
fronts  are  the  most  likely  source.  The  occurrence  of  frontal  passages  at  Brisbane  (from  June,  1963  to 
November,  1965)  relative  to  the  AGW  control  dates,  is  shown  in  Figure  9(a).  There  is  a  peak  in  the 
distribution  of  3.9  o  which  shows  that  there  is  almost  certainly  an  association. 

4.2  Spread-F  and  Non-frontal  AGWs 

This  apparent  association  with  fronts  prompted  the  subdivision  of  the  control  dates  into  two  groups. 
Figure  9(b)  has  used  control  dates  which  were  not  followed  by  frontal  passages  on  either  of  the  two  days 
following  each  date.  (There  were  48  such  occasions).  This  figure  shows  that  when  Spread-F  occurrence 
from  region  (a)  is  plotted  relative  to  these  dates  a  peak  of  2.8  o  occurs  one  day  after  the  centre  day. 
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The  remaining  control  dates  (41  in  all),  which  presumably  are  associated  with  fronts,  were  used  in  u 
siailar  analysis  using  the  same  Spread-!'  data,  Here  (see  Figure  9c)  there  is  no  significant  peak  near 
Cite  centre  day. 

Thus  it  soems  meaningful  to  separate  the  AGWs  into  two  groups  dependent  on  whether  or  not  fronts  are 
associated.  This  ability  to  isolate  the  AGWs,  which  are  apparently  associated  with  Spread-!  occurrence, 
should  prove  valuable  in  future  analyses.  The  gruvitv-wave  activity  at  Brisbane,  shown  earlier  us  an 
example  (Figure  1),  was  recorded  when  an  extensive  high-pressure  weather  system  covered  the  entire 
Australian  continent.  Fine  weather  prevailed.  A  front  did  not  pass  through  Brisbane  until  17  days  after 
these  waves  were  recorded. 

4.3.  Spread- F  and  AGWs  in  May,  196S 

Figure  10  shows  the  daily  Spread-F  occurrence  for  the  month  of  May,  1965  for  the  same  L-shell 
regions  as  were  used  earlier  in  Figure  4.  Although,  during  this  month,  frontal  AGWs  (as  defined  in  the 
previous  sub-section)  occurred  on  the  17th,  18th  and  25th  of  the  month,  non-frontal  AGWs  were  recorded  on 
only  2  dates  (namely  the  Uth  and  13th  May).  Around  these  latter  dates  there  was,  as  shown  by  Figure  10(c), 
a  significant  increase  in  the  occurrence  of  Spread-F  for  regions  a  and  b  combined,  while  no  such  increase 
is  apparent  in  the  distributions  for  the  lower  latitudes  (Figures  10a  and  10b).  By  itself  this  result 
would  not  have  great  significance.  However,  taking  into  account  the  association  which  was  suggested  in 
section  2  by  statistical  analyses,  it  seems  reasonable  to  assume  that  this  particular  case  is  a  specific 
example  of  the  association  between  Spread-F  occurrence  and  AGWs.  Figure  11  shows  some  of  the  AGWs 
recorded  at  Brisbane  on  11  May,  1965. 

4.4.  Periodicities  in  AGWs 

During  some  of  the  nights  in  1963,  1964  and  1965  when  AGWs  were  recorded,  periodicities  have  been 
determined.  On  any  particular  night  a  measurement  was  made  whenever  a  periodicity  changed,  except  that 
individual  readings  were  spaced  at  least  one  hour  apart.  Figures  12(a)  and  12(b)  show  the  distributions 
for  non-frontal  and  frontal  AGWs  respectively.  The  distributions  are  somewhat  similar  to  each  other  and 
show  an  average  value  of  about  12  minutes  for  these  waves.  The  relative  response  curve  for  the  microbaro¬ 
graph,  at  the  times  of  the  measurements,  is  also  shown  on  Figure  12. 

5.  ATMOSPHERIC  ACOUSTIC  WAVES  AND  SUNSPOT  ACTIVITY 

Wher  superposed-epoch  analyses  followed  by  fourier  analyses  were  performed  in  the  manner  already 
explained,  no  apparent  27-day  periodicity  in  geomagnetic  activity  was  found,  when  Ap  indices  were  plotted 
relative  to  AAW  control  dates.  A  similar  result  was  found  for  sunspot  numbers  during  the  sunspot-minimum 
period  '■*<'■*  Figure  13a).  There  was  however  some  evidence  of  this  periodicity  for  sunspot  activity  in 
su,i„poc  ...  imum  years  (Figure  13b).  In  Figure  13  the  solid  lines  relate  to  the  AAW  control  dates  while 
the  dashes!  .ines  relate  to  equivalent  numbers  of  dates  chosen  randomly.  This  particular  result  is 
SU(,p.  v t ly .  If  the  AAWs  are  related  to  sunspot  numbers  the  association  would  appear  to  be  a  lot 

•  i  tr.e  association  suggested  for  the  AGWs  (see  Figure  8  ).  Analyses  similar  to  those  described 

,•  AGWs,  ..ave  been  undertaken  to  look  for  a  possible  association  between  AAWs  and  Spread-F. 

.c  for  such  an  association  has  been  found. 

i  ON  AND  CONCLUSIONS 

Daily  estimates  of  Spread-F  activity  have  been  determined  in  local  times  for  each  particular  station. 
Consequently  when  the  day-to-day  variation  for  a  region  containing  a  number  of  stations  is  determined  the 
distribution  obtained  will  be  slightly  different  from  what  it  would  be  if  daily  Spread-F  activity  was 
determined  for  each  station  in  Universal  Time.  However,  as  the  a'/erage  longitude  of  the  18  stations  used 
in  regions  a  and  b  is  only  24  degrees  east  of  the  Greenwich  meridian,  this  means  that  any  "smoothing-out" 
of  the  true  day-to-day  variation  of  Spread-F  because  of  the  use  of  local  times  is  not  going  to  result  in 
any  significant  bias.  That  is,  activity  on  a  particular  da y  (Universal  Time)  will  be  spread  slightly, 

but  equally,  into  the  day  before  and  the  day  after.  This  means  that  the  tendency,  in  the  results 

presented  here,  for  Spread-F  to  have  high  values  not  only  on  the  centre  day  of  the  distributions  but  on 
the  day  after  (see  e.g.  Figure  4a)  is  in  all  probability,  significant. 

From  this  analysis  it  seems  likely  that  those  gravity  waves  recorded  at  Brisbane,  which  are  not 
related  to  frontal  activity,  are  i,i  some  wav  associated  with  ionospheric  Spread-F  conditions  in  sub- 
auroral  regions.  The  fact  '..hat  there  seem'  to  be  a  link  between  the  occurrence  of  these  gravity  waves  and 
sunspot  activity,  and  also  geomagnetic  activity,  suggests  that  solar  particles  may  be  responsible  for  both 
the  Spread-F  and  the  gravity-wave  phenomena.  If  the  gravity  waves  travel  from  auroral  regions  they  are 
possibly  instrumental  in  the  production  of  Spread-F  irregularities  in  these  regions.  At  least  one 
investigation  of  Spread-F  occurrence  in  auroral  regions  (Bowman,  1968b)  suggests  Spread-F  structures  which 
are  consistent  with  their  being  produced  by  the  passage  of  gravity  waves  with  periodicities  similar  to 

those  discussed  here.  One  has,  however,  to  explain  the  fact  that  in  some  of  the  distributions  of  this 

analysis  Spread-F  occurrence  is  not  only  high  on  the  centre  day  but  also  on  the  next  day.  Perhaps  for  any 
event  the  observable  Spread-F  activity  continues  for  several  days  whereas  the  AGWs  associated  with  the 
onset  of  the  event  may  be  the  only  ones  with  sufficiently  high  amplitudes  to  be  detectable  at  Brisbane. 
Auroral  infrasonic  waves  (AlWs)  have  been  detected  for  sore  time  now  (Wilson,  1971).  Perhups  AGWs,  and 
even  AAWs,  are  produced  in  the  high  atmosphere  of  auroral  regions  by  mechanisms  similar  to  those 
responsible  for  AlWs,  whatever  these  might  be.  These  observations  are  however  only  speculations,  it  is 
obvious  that  the  precise  nature  of  any  association  between  Spread-F  and  gravity  waves  will  not  be  known 
until  we  have  more  experimental  results  and  more  analyses  are  performed. 

Finally,  this  paper  presents  evidence  for  an  association  between  acoustic  waves,  recoided  at 
Brisbane,  and  sunspot  activity  for  the  sunspot -maximum  years.  This  result,  however,  may  be  fortuitous, 
and  should  be  treated  with  caution. 
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Figure  1.  AGWs  recorded  on  6  June  1968.  Local  times  are  used 
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Figure  2. 


An  example  of  AAWs  recorded  on  30  August,  1964.  Local  times  are  used 
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Figure  8. 


HARMONICS  OF  192  DAYS 


Fcurier  analyses  nf  distributions  (a;  sunspot  numbers  (sunspot  minimum); 

(b)  sunspot  numbers  (sunspot  maximum),  (c)  Ap  indices  (sunspot  minimum); 

(d)  A„  indices  (sunspot  maximum).  Solid  lines  -  relative  to  AGW  control  dates; 
dashed  lines  -  relative  to  random  dates. 
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Figure  13.  Fourier  analyses  of  distributions  (a)  sunspot  numbers  (sunspot  minimum);  (b)  sunspot  numbers 
(sunspot  maximum).  Solid  lines  -  relative  to  AAW  control  dates;  dashed  lines  -  relative  to 
random  dates. 
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par 
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SOKWAIRt 


Des  perturbation*  ionoophtriques  itrntrantes  d'fichelle  aoyenne,  prtsentant  des  ptriodes 
de  12  A  30  minutes  sont  dStectfces  l'hiver,  dans  la  journte,  aux  altitudes  de  la  rfcgion  F,  Ces 
perturbations,  dont  la  presence  eat  ccnstatte  dons  des  conditions  de  calae  magnttique,  sont  attri¬ 
butes  a  la  presence  de  configurations  de  vent  "actives",  lifes  au  c  our  ant -jet  a  l'altitude  de  la 
tropopause.  On  reconnalt  ces  configurations  actives  sur  les  cartes  de  vent  de  la  tropop*u»ef  a  un 
cisaillemenx  horizontal  du  vent  lorsque  la  direction  de  1 ' ecoulement  est  paralldle  aux  isolignes 
de  vitesse  de  vent  constante,  L'activitf  diainue  au  fur  ct  i  mesur*  que  le  vent  acctldre  ou  dtct- 
lire  dans  la  direction  de  I'tcoulement,  On  peut  cons id frer  que  l'activitt  icnosphtrique  resultant 
de  ces  vents  de  tropopause  actifs  est  localiste,  du  point  de  vus  de  la  circulation  globale  t  par 
consequent,  elle  n'est  jamais  observte  ni  prtdite  sur  une  base  globale,  ce  qui  est  regrettable  car 
les  transmissions  radio  d  haute  frequence  sont  affecttes  par  la  presence  de  ces  perturbations 
ionospbtriques. 
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ABSTRACT 


Medium  scale  traveling  ionospheric  disturbances  with  periods  of  1 2  to  3°  minutes  are  detected  during 
daytime  winter  at  F- region  heights.  These  disturbances  are  present  when  it  is  magnetically  quiet  and  are- 
attributed  to  the  presence  of  'active'  wind  patterns  associated  with  the  jet  stream  at  the  height  of  the 
tropopause.  The  active  patterns  on  the  tropopause  wind  analysis  maps  are  recognised  by  horizontal  wind 
shear  as  the  direction  of  flow  lies  parellel  to  the  isolines  of  constant  wind  speed.  The  activity  dimin¬ 
ishes  a r  the  wind  accelerates  or  decelerates  in  the  direction  of  flow.  The  ionospheric  activity  resulting 
from  these  active  ticpopaure  winds  may  be  tho.ght  of  as  localized,  in  terms  of  global  circulation  and, 
hence,  is  neither  observed  nor  predicted  on  a  global,  scale.  This  is  unfortunate  as  KF  radio  transmission 
is  effected  by  the  presence  of  such  ionospheric  disturbances. 

1.  INTRODUCTION 

‘The  medium  scale  traveling  ionospheric  disturbances  known  to  be  present  at  mid-latitude  during  day¬ 
time  winter  under  magnetically  quiet  conditions  are  often  thought  tc  originate  in  the  lower  atmosphere. 

We  have  previously  shown  disturbances  of  12  to  20  minute  period  with  horizontal  phase  speeds  of  approxi¬ 
mately  130  meters/second,  for  winter  1968  (sunspot  maximum)  at  ionospheric  heights  near  200  km  over 
Boulder  (bO0  N,  105°  W)  to  be  generated  by  'active'  wind  patterns  associated  with  the  jet  stream  at  the 
hel(.j3t  of  the  tropopause.  In  this  paper  we  present  ionospheric  HI'  pulse  data  and  the  corresponding  tropo- 
pause  wind  analysis  maps  as  evidence  that  our  criteria  for  the  active  wind  patterns  is  equally  valid  for 
another  mid-latitude  location.  (39°  N,  115°  W),  west  e.rd  slightly'  south  of  Boulder,  using  a  different  radio 
technique  from  the  earlier  3tudy. 

2 .  BACKGROUND 

The  underlying  theme  of  this  paper  is  an  investigation  of  medium  scale  traveling  ionospheric  distur¬ 
bances  thought  to  he  generated  locally  at  the  height  of  the  tropopause  at  mid-latitude  during  magnetically 
quiet  conditions.  The  specific  disturbances  that,  concern  us  are  observed  to  have  periods  of  12  to  30  min¬ 
utes  at  mid-latitude  ionospheric  F-reglon  heights'..  Since  these  disturbances  are  detected  using  RF  radio 
techniques  we  have  consistently  restricted  our  observations  to  daytime  when  reflection  conditions  are 
optimum.  Only  the  -..'inter  months,  October  through  March,  are  considered  because  during  those  months  the 
overhead  tropopause  wind  patterns  at  mid-latitude  are  wall-formed  and  persistent.  In  addition,  during  the 
winter  months  the  propagation  conditions  from  the  tropopause  to  the  ionosphere  appear  to  be  in  our  favor 
(Goe,  1971). 

These  medium  sce.le  mid-latitude  disturbances  should  be  contrasted  with  the  large  scale  traveling 
disturbances  also  observed  at  Ionospheric  heights  at  mid-latitude.  The  large  scale  disturbances  are 
thought  to  originate  in  the  auroral  oval  during  tines  of  increased  magnetic  activity.  A  recent  review  of 
this  topic  is  available  (Evans,  1972 ). 

Our  active  wind  regions,  as  seen  on  the  II. S.  Weather  Service  Tropopause  Wind  Analysis  Maps,  consti¬ 
tute  th?  mierostructure  of  the  ridges  and  troughs  of  planetary  scale  waves.  A  planetary  wave  my  have  a 
wavelength  of  approximately  4,500  km  which  is  equivalent  to,  say,  50°  in  longitude  (at  4o°  N  latitude)  or 
the  width  of  the  continental  United  States.  This  means  then  that  our  activity  may  be  confined  to,  say, 

20°  in  longitude.  Because  of  its  microscale  and  localized  character,  such  "meteorological  noise"  is 
neither  cheeked  nor  predicted  on  a  global  scale.  This  is  unfortunate,  in  so  far  as  HF  radio  propagation 
is  concerned,  because  the  unwanted  effects  on  the  signals,  in  particular  the  signal  strength,  may  occur 
without  advance  warning. 

In  this  paper  we  direct  our  attention  to  the  source  of  the  medium  scale  traveling  ionospheric  dis¬ 
turbances  as  detected  by  NF  aub-mieroseoonci  pulses,  while  Lerfald,  et.  al.  (1972),  in  a  companion  paper  to 
be  presented  at  this  conference,  discuss  the  influences  of  the  disturbances  ori  the  pulses  themselves. 

As  we  discuss  the  tropopause  winds  we  retain  our  simple  classification  for  the  flow  patterns: 
active,  quiet,  or  quasi -per iodic  (rapidly  changing),  as  originally  introduced  (Ooe,  1971).  Tice  limita¬ 
tions  of  the  'rapidly  changing'  classification  (Goe,  1972a)  soon  become  evident.  This  limitation,  combined 
with  the  sparsity  of  tropopause  maps  (they  are  issued  only  every  12  hours),  decreases  our  confidence  in  the 
interpretation  of  some  oi  0’ir  wind  patterns. 

We  lemain  convinced,  however,  that,  our  criteria  for  the  stability  of  the  wind  patterns  and  for  the 
generation  of  the  disturbances  is  as  reliable  for  our  new  location,  west  of  the  Rocky  Mountains,  as  it  is 
for  Boulder,  east  of  tbo  mountains .  The  basic  difference  between  the  two  locations  is  that  the  well- 
developed  troughs  and  ridges  as  they  move  ir.  from  the  Pacific  Northwest  tend  to  remain  north  of  the  new 
location  c..„  oas;  directly  overhead  for  Boulder. 
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3.  IONOSPHERIC  OBSER'.ATIONS 

Sub-microsecond  HF  pu.laen,  transmitted  over  an  oblique  (1500  km)  path  from  Palo  Alto,  California 
to  Boulder,  Colorado,  show  ionospheric  behavior  appropriate  for  an  ionospheric  reflection  level  of  approxi 
mfttely  POO  km  near  the  mlcl-polnt  of  the  path  (39°  N,  115°  w).  Hie  data  are  daytime  data  collected  during 
the  winter  months.  November  1969,  January  1970,  and  February  1970. 

Ionospheric  motions  are  detected  as  fluctuations  in  the  travel  time  for  the  pulses  but  are  at¬ 
tributed  particularly  to  changes  in  the  electron  density  profile  near  the  height  of  reflection.  Such  a 
detection  of  traveling  Ionospheric  disturbances  presupposes  thaf  the  motions  of  the  neutral  air  due  to  the 
passage  of  atmospheric  waves  are  carried  over  to  the  ionized  portion  of  the  atmosphere  without  serious 
modification.  That  is  to  say,  fluctuations  In  the  electron  density  Indicate  the  passage  of  a  wavelike 
disturbance  in  the  neutral  atmosphere.  We  accept  this  interpretation;  Davies  and  Jones  ( 1971 )  discuss  it. 
in  detail. 

3.1.  fCF  1111.36  Data. 

The  ionospheric  pulse  data  are  shown  in  Figures  1,  2  and  3-  The  time  scale,  running  along  the  bot¬ 
tom  of  the  records.  Is  marked  off  in  half-hour  intervals.  These  data  show  the  periods  of  the  rather  ir¬ 
regular  wavelike  disturbances  to  be  in  the  neighborhood  of  15  to  30  minutes.  An  occasional  longer  period 
disturbance,  such  its  the  one  seen  on  February  l8,  appears  on  the  records,  however.  The  6-hour  time  inter¬ 
val,  1300  to  0000  hours  UT,  corresponds  to  local  daytime,  1100  to  1700  hours  LST. 

Ttie  tick  marks  on  the  vertical  time  scale  are  spaced  at  30  microsecond  intervals  to  indicate 
(relative)  pulse  delay  time.  The  bottom  edge  of  the  signattire  is  the  beginning  of  the  pulse,  while  tne 
length  of  the  vertical  line  extending  upward  from  this  initial  point  represents  the  pulse  length  or,  what 
is  oft  times  equivalent,  the  pulse  distortion.  The  transmitted  signal  (pulses  «  0.5  tisec  duration)  had  a 
frequency  spectrum  which  peaked  at  18  MHz;  appreciably  below  the  F-layer  penetration  frequency  for  this 
path  during  winter  daytime. 

3  .2.  numerical  Activity  Index. 

The  ionospheric  activity  is  rated  on  a  scale  from  1  to  8  according  to  our  L/Lo  numerical  index 
(Goe,  1971).  This  index  is  assigned  according  to  the  ratio  of  line  lengths  L/Lo,  where  L  is  the  measured 
length  of  the  trace  formed  from  the  composite  of  the  pulse  data  and  Lo  is  the  length  of  the  base  (time) 
line.  These  line  lengths  are  shown  schematically  in  Figure  1.  We  have  in  each  case  assigned  the  iono¬ 
spheric  index  moat  appropriate  for  each  3-hour  interval,  1800  to  2100,  2100  to  2400  hours  UT.  These  L/Lo 
indices  are  shown  as  integers  in  the  figures. 

There  is  some  ambiguity  present  in  these  numerical  indices  for  the  ionospheric  activity.  Neverthe¬ 
less,  it  is  clear  that  the  activity  for  the  November  data  (Figure  l)  is  moderately  low  (L/Lo  =  3)  and  con¬ 
sistently  present.  Generally,  an  index  of  2  or  3  provides  assurance  of  low  level  ionospheric  activity. 

The  ambiguity  becomes  more  apparent  when  L/Lo  =  4  because  then  several  small  amplitude  oscillations  may 
contribute  the  same  line  length  throughout  a  3-hour  interval  as  a  few  large  amplitude  oscillations.  The 
index  for  the  January  data  (Figure  2)  is  most  effected  by  the  ambiguity  as  L/Lo  =  4  is  observed. 

As  the  activity  increases  to  5  or  6  relatively  large  amplitude  fluctuations  must  persist  throughout 
the  interval  and  the  ambiguity  again  tends  to  disappear.  The  data  for  February  18  (Figure  3)  show  this 
increased  level  of  activity.  The  L/Lo  index  has  been  defined  to  range  from  1  to  8,  tut  the  8  is  reserved 
for  a  severe  magnetic  storm  condition  (Goe,  1972b). 

3.3-  Remark. 

With  this  pulse  data  we  have  been  forced  to  abandon  the  spirit  of  our  graphic  period-amplitude 
representation  used  for  the  CW-Doppler sonde  data  (Goe,  1971;  1972a;  1972b),  Even  though  such  a  display  of 
ionospheric  data  provides  a  means  to  easily  intercompare  the  activity  for  consecutive  days,  the  pulse  data 
are  30  frequently  interrupted  that  visual  scanning  for  trends  has  little  purpose.  Hence,  only  L/Lo  in¬ 
dices  shall  be  used  in  Figure  7.  We  discuss  the  data  summarized  in  Figure  7  after  we  examine  the  flow 
patterns  on  the  tropopause  wind  maps. 

4  ,  TROPOPAUSE  WIND  ANALYSIS  MAPS 

Tropopause  Wind  Analysis  Mans,  issued  every  12  hours,  0000  and  1200  hours  UT,  by  the  United  States 
Weather  Service,  are  used  for  this  study.  The  redrawn  tropopause  maps  are  pictured  in  Figures  4,  5  and  6. 
The  wind  speeds  are  given  in  knots  (K,  nautical  miles  per  hour)  with  100  knots  equal  to  approximately  50 
meters  per  second.  The  black  dot  on  each  map  indicates  the  geographic  location  on  the  mid-poir.t  (39°  N, 
115°  W)  of  our  oblique  propagation  path. 

4.1.  Analysis  of  Vector  Wind  Field. 

The  wind  patterns  on  the  maps  of  Figures  4,  5  and  6  are  represented  by  streamlines  (solid  lines), 
indicating  the  direction  of  flow,  arid  lsotachs  (dashed  lines),  the  isolines  of  constant  wind  speed.  We 
confine  our  attention  to  this  abstract  representation  of  the  vector  wind  field.  Such  a  kinematic  approach 
allows  us  to  consider  the  stability  of  the  wind  flow  without  regard  for  the  dynamic  forces  producing  it. 
Even  thl3  has  its  limitations,  however,  as  we  allow  ourselves  to  think  only  in  terms  of  a  static  vector 
field,  i.e.,  we  assume  that  the  streamlines  represent  the  path  of  the  moving  air  parcels.  But,  be  that  as 
It  may,  in  so  far  83  it  Is  possible,  we  discuss  the  flow  In  terms  of  wind  speed  with  respect  to  direction 
of  flow  and  its  consequence,  the  onset  or  disappearance  of  horizontal  wind  shear.  The  question  of  the 
origin  of  the  wind  field  we  leave  to  the  dynamic  meteorologists. 

The  integer  index  shown  in  the  lower  right  hand  corner  of  each  map  indicates  horizontal  wind  shear 
in  0.01  meters  per  second  per  kilometer  as  appropriate  for  the  mid-point  of  the  propagation  path.  These 
numbers  fail  to  exceed  6  (0.06  m/s/km)  for  the  days  of  interest.  It  is  common  for  horizontal  wind  shear 
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In  pa-sing,  we  take  this  opportunity  to  assure  you  that  we  have  great  confidence  In  the  Ionospheric 
absorption  measurements  made  by  Schentek  at  Lindau,  West  Germany,  while  the  f-mln  data  vised  by  Deland 
and  Fr.ledman  (1972)  en  an  Indication  of  Ionospheric  absorption  are  less  reliable.  Schwentek  (labltike 
and  Schwentek,  1968;  Schwentek,  1969)  makes  It  clear  that  any  association  between  Ionospheric  absorption 
and  stratospheric  temperature  is  not  a  straightforward  one. 

5.1.  The  problem. 

Even  though  we  likewise  concern  ourselves  with  both  the  upper  and  lower  atmosphere  -  our  distur¬ 
bances  originate  in  the  tropopause  and  propagate  Into  the  Ionosphere  -  we  do  not  require  a  direct  coupling 
between  the  two. 

It  was  recognized  earlier  (Goasard,  .1962;  Gouoard  arid  Munk,  l.)',,4;  that  internal  gravity  waves  with 
periods  comparable  to  those  we  observe,  could  be  generated  in  the  troposphere  and  propagate  into  the 
ionosphere.  Goasard  outlines  the  general  problem  very  well:  (l)  the  generation  of  the  disturbance  in 
the  lower  atmosphere,  (2)  the  propagation  characteristics  along  the  path  and  (3)  the  means  of  detecting 
the  disturbances  at  ionospheric  heights.  We  concentrate  on  the  first  to  study  the  source  of  the  distur¬ 
bances;  we  learn  nothing  of  the  second  directly  but  must  infer  everything  from  the  characteristics  of  the 
reflected  traces,  and  we  tolerate  the  third  e.s  we  observe  the  ionized  rather  than  the  neutral  portion  of 
the  atmosphere. 

We  note,  however,  that  Cowling,  et.  al.  (l97l),  Yeh,  et.  til.  (1972)  and  others  contribute  to  (2) 
by  discussing  propagation  characteristics  appropriate  for  mid-latitude.  They  elaborate  on  their  wind 
control  theory  -  strong  thermospheric  winds  acting  as  a  directional  filter  for  the  internal  gravity  waves  • 
and  other  atmospheric  processes.  Their  tracing  of  rays  from  the  ionosphere  back  to  the  troposphere  in¬ 
deed  lends  support  to  our  study  as  they  find  3  to  5  hours  travel  time  to  be  realistic  for  our  near  30 
minute  period  waves  (Yeh,  1972). 

5.2.  The  Wave  Generating  Mechanism. 

The  tropopause  Wind  Analysis  Maps  are  our  primary  source  of  observational  data  for  the  wind  pat¬ 
terns,  while  Yeh  (1972)  and  Liu  and  Yeh  (1971)  continue  to  provide  as  much  guidance  as  possible  in  an  ef¬ 
fort  to  bring  theory  and  practice  together.  At  present,  the  best  we  can  do  is  to  clarify  terminology  In 
order  to  communicate  the  Information  we  gain  from  the  tropopause  maps  more  effectively. 

We  use  the  kinematic  approach,  with  streamlines  and  lsotachs  to  describe  the  vector  (wind)  field. 

The  word  'macrostructure '  refers  to  the  patterns  formed  by  the  streamlines,  the  ridges  and  troughs  of  the 
planetary-scale  waves.  Such  a  wave  is  shown  schematically  in  Figure  8.  A  wavelength  comparable  to  the 
width  of  the  continental  U.S.  is  usual  at  40°  N  latitude  In  winter.  Our  stability  criteria  is  most  nearly 
applicable  when  this  macrostructure  Is  only  slowly  altered  as  the  patterns  meander  or  migrate  from  west  to 
east  across  the  United  States. 

The  word  'microstructure 1  refers  to  the  patterns  formed  by  the  lsotachs  about  the  streamlines. 

This  microstructure  Is  always  changing  with  respect  to  the  macrostructure,  hut  the  rate  at  which  it 
changes  is  the  primary  interest  of  the  wave  generating  mechanism.  We  use  the  term,  'quasi-periodic '  to 
mean  short  term  (3  to  6  hour)  changes  in  the  microstructure. 

The  criterium  for  quiet  patterns  is  definite,  the  lsotachs  are  perpendicular  to  the  streamlines. 

The  air  parcels  accelerate  or  decelerate  in  the  direction  of  flow  and  there  is  no  wind  shear.  The  general 
category  of  an  active  pattern  requires  the  presence  of  wind  shear,  the  lsotachs  parallel  to  the  stream 
lines . 

As  the  atmosphere  makes  a  rapid  adjustment  the  macrostructure  may  change  severely  within  12  hours. 
During  such  times  we  have  little  confidence  that  the  trajectory  of  an  air  parcel  is  represented  by  the 
streamline.  Our  assumption  of  a  static  vector  field  breaks  down;  we  can  no  longer  think  the  wind  shear 
mechanism  to  have  meaning. 

5.3.  Summary  of  data. 

The  results  of  the  ionospheric  and  tropopause  data  are  summarized  In  Figure  7.  The  days  are  plot¬ 
ted  on  a  24-hour  time  scale,  with  local  daytime  (09  -  17  hours  L5T)  coinciding  with  the  breaks  in  the 
heavy  black  lines  at  16  -  24  hours  UT.  The  ionospheric  data  are  daytime  data  while  the  wind  data  are 
shewn  on  a  24-hour  basis. 

The  magnetic  Kp  index  is  shown  in  the  first  line.  As  was  mentioned  earlier,  the  November  days 
follow  a  t .'.me  of  slight  activity  (Kp  =  6').  Other  than  that,  the  days  are  magnetically  quiet  as  would 
be  expected  since  we  are  near  winter  solstice  rather  than  equinox. 

The  purpose  in  the  study  was  to  test  the  validity  of  our  criteria  for  the  stability  of  the  tropo¬ 
pause  winds.  We  find  no  violation  and,  even  though  the  data  are  meager,  we  feel  that  we  have  learned 

more  about  the  changing  (quasi-periodic)  patterns.  The  more  nearly  sinusoidal  wavelike  disturbances  ap¬ 
pear  to  be  associated  with  tnese  changing  patterns. 

3.4.  Overhead  Winds  at  Mid-point. 

Our  last  result  is  easily  visualized  by  referring  again  to  Figure  8.  We  note  the  position  of  the 

trough  over  the  western  United  States.  The  solid  line  represent^  a  deep  trough,  while  the  dashed  line 

indicates  a  more  usual  depth.  Hence,  the  dashed  line  is  the  usual  path  of  the  well-formed  wind  patterns. 

By  using  the  dashed  line  as  che  outside  boundary  for  the  wind  pattern,  you  can  see  that  it  passes 
near  Bo'ilder  (40°  N ,  109°  w)  but  goes  slightly  north  and  east  of  the  mid-point  of  the  oblique  path  (39° 

N,  115°  W). 
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Vie  detect  medium  scale  ionospheric  disturbances,  periods  of  15  to  30  minutes.  Aa  we  observe  this 
ionospheric  activity  from  a  mid-latitude  ground  station  located  40°  N,  105°  W,  we  see  the  activity  come 
and  go  as  the  overhead  tropopause  wind  patterns  pass  by.  The  trends  in  the  ionospheric  activity  for  this 
location  are  already  known  to  be  something  like  3  to  5  days  in  duration. 

When  we  observe  the  ionosphere  iVom  our  new  location  39“  N,  115“  W,  the  activity  trends  are  quite 
different.  We  find,  however,  that  the  criteria  of  isotachs  parallel  to  streamlines,  combined  with  the 
quasi-per iodic  behavior,  describes  the  active  tropopause  wind  patterns  for  both  mid-latitude  locations. 

'Therefore,  v:e  conclude  that  the  ionospheric  activity  is  localized,  in  terms  of  global  circulation, 
and  that  the  observed  activity  depends  on  the  characteristics  of  the  overhead  tropopause  winds.  Stated 
differently,  this  type  of  ionospheric  activity  is  n  strong  function  of  the  geographic  location. 
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Figure  1.  Ionospheric  HP  sub-microsecond  pulse  data  recorded  over  an  oblique  1500  km  path  from  Falo  Alto 
to  Boulder.  Local  time  is  1100  to  1700  hours  (l800  to  2400  hours  UT).  Two  integers  indicate 
the  ionospheric  activity  L/Lo  index  for  each  3-hour  interval,  1800  to  2100,  2100  to  2 1(00  hours 
1JT,  for  each  da/.  Although  these  November  data  display  a  moderately  low  level  (L/Lo  -  3)  of 
ionospheric  act! -ity,  it  is  consistently  present. 


Figure  2.  Ionospheric  HF  sub-microsecond  pulse  data  similar  to  that  shown  in  Figure  1.  These  January 
data  are,  unfortunately,  often  interrupted  but  show  the  ionospheric  activity  to  be  irregular, 
ranging  from  low  (L/Lo  «=  2)  to  moderately  active  (L/Lo  »  4). 


Figure  3 
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Ionospheric  HF  sub-microsecond  pulse  data  similar  to  that  shown  in  Figure  1.  A  high  level  of 
ionospheric  activity  is  reached  on  February  18  (L/Lo  =  5)  but  the  disturbance  probably  comes 
from  a  severe  vertical  exchange  of  air  in  tha  lower  atmosphere. 
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IONOSPHERIC -TROPOSPHERIC  ACTIVITY  -  (39  CN,  115  °W) 

Conqiarlaon  of  magnetic,  ionospheric  and  tropospheric  data  for  days  of  interest  November  1969, 
January  1970,  and  February  1970.  Magnetic  (Kp;  indices  are  recorded  for  days  of  interest. 

The  3 -hour  L/Lo  ionospheric  activity,  as  deduced  from  the  HF  pulse  data,  is  shown,  as  appro¬ 
priate,  for  daytime  hours.  The  tropopause  wind  patterns  are  classified  as  quiet,  active  or 
quaal-perlodic  (QP),  changing  back  and  forth  from  active  and  quiet. 
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Figure  8.  Planetary  Wave  in  Lower  Atmosphere,  at  Mid-latitude.  Wavelength  extends  across  most  of  conti¬ 
nental  United  States  (50°  in  longitude)  at  40°  N  latitude.  An  active  wind  region,  the  micro- 
structure  of  a  ridge  or  trough  of  a  planetary  wave,  is  confined  to,  say,  20°  in  longitude  at 
*<00  N  latitude.  The  vectors  indicate  a  transfer  of  momentum  causing  the  trough  to  steepen. 
Compare  the  dashed  line  with  the  solid  line. 
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fie  r  4c  ante  sondegea  Doppler  d'ondes  radio  haute  frequence,  effec^uis  dens  I 'iouosphire, 
out  rivili,  dans  lee  couches  ataoephiriques  eupirieures,  la  presence  d'oscillations  pendant  les 
pV.r  :.odes  d'activiti  oragwuse.  Cee  oec Illations ,  qua  prSoei'tent  dee  piriodes  variant  de  2  i  5  sti- 
nutee,  ae  prctlongent  friqueasent  durant  plusieurs  heures,  la  coherence  de  ces  oscillations  corro- 
bore  l'iuterprftatior  gin  train  selon  laquelle  ellea  sent  causisn  par  le  pas  sago  d'ondes  infra- 
soniques  de  grand*  longueur.  11  ne  ee  produit  epparaa&ent  pa*  d'oscillations  dietinctes  scnbla- 
bler,  avec  la  nine  game  de  piriode  lcraqu’on  observe  dee  mouveaentu  d'air  dans  la  troposphere 
par  aairvais  tsnpe,  On  sait  toutefoie  que  les  activitis  de  convection  font  naltr*  deu  fluctuations 
<rt  des  ondes  internes  dont  les  piriodes  avoisinent  et  dipassent  les  piriodes  de  Brunt-vCis&lg,  lee 
auteur  a  du  priswnt  exposi  proposent,  pom  expliquer  la  production  de  ces  ondes  ionospkiriques  i 
pirioS.ea  d»  ■?.  i,  5  minutes,  une  thiorie  basis  sur  des  principes  semblables  A  ceuz  qu' utilise 
Light hi 11  pour  sa  thiorie  dee  sons  airod^naniquea.  Is  fait  que  lee  piriodes  des  oscillations  iono- 
sphiriques  uont  con* idirableaent  infirieurea  aux  piriodes  troposphiriques  de  Srunt-VlisEUi  est 
expliqul  de  la  faqon  auivante  :  lee  frequences  priloainantes  Raises  sont  la  same,  obtenue  par  des 
processus  non  liniairea,  des  friquences  dee  champs  de  vitesso  en  interaction  riciproque  engendris 
par  lee  conditions  mfittorologiques,  Ces  friquences  ireises  ne  sont  pas  nicessairement  observies  dans 
le  cheap  proche. 
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SUMMARY 

Recent  experimental  evidence,  baaad  on  radio  HF  Doppler  round  lag  of  the  <o»oephara,  show*  oscillation! 
of  the  upper  atmosphere  during  period*  of  thunder* conn  activity.  Thaic  oscillation*.  heve  period*  in  tha 
range  of  2  min  to  5  min,  frequently  for  many  hour*  duration.  The  coherence  of  tha  one  illations  la  conai.e- 
tant  with  the  Interpretation  generally  given  that  they  aro  caused  by  the  passage  of  long  v>ave, length  infra- 
aonlc  waves.  Thera  art  apparently  no  similar  distinct  oscillation*  uit:h  the  tame  period  range  aenociated 
with  air  motion  in  tha  troposphere  during  (evere  weather.  However,  convective  activity  ie  known  to  generate 
fluctuations  end  internal  waves  with  parinda  near  and  ah  v.t  BrunC-V* ! attlM  period*.  Tna  present  paper 
proposes  *  theory  for  the  generation  of  these  ionospheric  !  -5  min  period  waves,  based  on  concepts  similar  to 
those  usad  by  Llghthill  In  the  thaory  of  aerodynamic  sound.  That  the  periods  of  the  Ionospheric  oscillations 
are  substantially  lower  than  tropospheric  BrunC-VdlsHlH  periods  -s  explained  as  being  due  to  the  feet  than 
tha  predominant  radiated  frequencies  are  obtained  as  a  aumaation,  via  non-linear  preceaeae,  of  the  fre¬ 
quencies  of  the  interacting  velocity  fields  generated  by  the  weather  system,  These  radiated  frequencies 
aro  not  necessarily  observed  In  the  near  field. 

INTRODUCTION 

In  recent  years,  experimental  evidence,  baaed  on  HF  radio  Doppler  sounding  of  the  upper  atmosphere, 
shows  ionospheric  disturbance*  associated  with  thunderstorm  activity  (Georges,  1963;  Baker  and  Davies,  1963; 
Datert,  1969;  Davies  and  Jones,  1971),  These  ntudlea  reveal  that  sometimes  quasi-slnusoidal  oscillations, 
with  periods  in  the  range  2-5  min,  occur  when  thunderstorms  ara  within  a  radius  of  250  km  of  the  ionospheric 
fell  action  point.  The  simultaneous  use  of  multiple  HF  radio  frequencies  and  of  several  spaced  stations 
In  s  Doppler  sounding  system  at  nerr-vertlcal  incidence,  shows  that  these  oscillations  ar»  coherent  in  the 
ionosphere  over  lateral  ranges  of  *t  least  the  spacing  of  the  radio  reflection  points  and  are  coherent,  over 
the  range  of  lower  Ionospheric  HF  reflection  heights  (Detsrt,  1969).  This  coherence  is  consistent  with 
the  Interpretation  frequently  given  that  the  observed  oscillations  are  caused  by  the  passage  of  long  wave¬ 
length  acoustic  waves  through  the  atmosphere.  Since  the  principal  periods  (2-5  min)  are  somewhat  smaller 
than  the  typical  Brunt-VBia»lM  periods  In  the  atmosphere.  Much  waves  would  correspond  to  the  acoustic 
branch  of  tha  acoustic-gravity  vave  spectrum, 

A  vary  striking  feature  of  the  HF  Doppler  data  is  the  relatively  narrow  bandwidth  of  the  Ionospheric 
oscillations,  sometimes  with  Q  greater  than  10  for  an  apoch  of  SBVeral  hours.  This  is  suggestive  of  some 
kind  of  resonant  phenomenon,  although  there  are  apparently  no  distinct  oscillations  in  the  2-5  min  period 
range  associated  with  air  notion  in  the  troposphere.  However,  it  is  well  known  that  high  convective 
activity  generates  turbulent  fluctuations  end  generates  internal  gravity  waves  outside  of  the  convection 
zones.  Fig.  1  reproduces  the  power  opectrum  of  atmospheric  pressure  given  over  twelve  years  ago  in  a 
classic  paper  by  E.  Cos sard  (1960)  .  The  longest  solid  line  illustrates  average  conditions,  but  the  dashed 
spectrum  and  the  short  solid  line  near  if  represent  conditions  of  great  excitation.  Each  of  the  latter 
two  curves,  Gosaard  identified  as  the  spectrum  of  Internal  waves  generated  by  convective  activity  with 
wave  frequencies  near  the  local  Brunt-VttlsXlB  frequency  computed  from  radiosonde  data.  Brunt's  period 
varies  typically  between  6  and  10  minutes  in  the  troposphere,  depending  on  the  temperature  stratification, 
and  is  the  natural  period  of  buoyancy  oscillations  in  a  stable  atmosphere. 

In  this  paper  we  propose  c  thaory  for  the  generation  of  the  anonsoloua  ionospheric  oscillations  by 
thunderstorms,  based  on  the  concepts  successfully  employed  by  Lighthill(I952,  1962)  to  explain  the  generation 
of  aerodynamic  sound  by  turbulence.  In  thia  model  the  ionospheric  oscillations  are  a  manifestation  of 
acoustic  waves  radiated  from  tropospheric  regions  of  interacting  velocity  fields  whose  frequencies  are  at 
or  below  the  lower  atmosphere  Brunt  ■VSisSl#  frequencies.  By  meana  of  non-linear  fluctuating  Reynolds' 
stresses,  a  transfer  of  energy  is  effected  from  the  infernal  gravity  wave  regime  to  the  acoustic  wave 
regime  of  the  acoustic-gravity  wave  spectrum.  This  transfer  takes  place  with  concomitant  change  of 
frequency. 

Recently,  Jones  0970)  introduced  a  model  to  txplaln  the  Ionospheric  oscillations  under  discussion 
In  this  paper.  His  explanation  la  based  on  the  mode  thaory  of  lower  atmosphere  guided  acoustic-gravity 
wave  propagation.  In  a  typical  set  of  rcultl-mcdo  dispersion  curves,  there  are  regions  where  modal  curves 
uearly  'kiss'  each  other,  and  Jones  explains  the  phenomenon  as  being  due  to  the  coupling  of  energy  between 
the  fundamental  and  first  gravity  modes.  A  major  objection  to  this  explanation  is  that  it  cannot  explain 
the  Ionospheric  oscillations  directly  above  the  thunderstorm  regions  as  are  observed.  The  existence  of 
the  normal  modes  are  really  established  by  the  extended  stratification  of  a  glv.jn  atmosphere  and  the 
coupling  of  modes,  at  'kissing',  can  only  be  achieved  at  horizontal  ranges  greater  than  i;/Ak  where  Ak  le 
the  wave  number  gap  tt  the  'kissing'  region.  To  explain  a  280  period  from  Jones’  curve  this  distance 
should  be  taken  to  be  about  200Q  km. 

HAVE  EQUATION  AND  SOURCE 

The  basic  approach  of  Llghthill  (1952,  1962)  in  the  aerodynamical  generation  of  sound  Is  to 
separate  the  linear  and  non-linear  terms  In  the  equations  of  motion  and  then  form  an  Inhomogeneous  wave 
equation  for  one  of  the  variables.  The  linear  tsrma  are  the  wave  propagation  operator,  and  the  non-linear 
terms  arc  considered  as  a  source  function.  If  the  wavs  motions  are  week  compered  to  tha  primary  motions  in 
the  flow  field,  and  there  is  negligible  beck  reaction  on  the  primary  flow,  then  the  Inhomogeneous  wave 
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aquation  cun  bo  solved  for  cha  radiation  emitted  In  the  far  flald.  Tha  aourca  function  la  determined  by 
the  primary  flow  flald  and  la  llaltad  In  axtant.  Tha  method  la  thua  raatrlctad  to  weak  wava  emission. 
Llghthill's  procadura  Itaa  baan  axtandad  to  wava  notion  In  a  atratlflad  atmosphere  by  Moora  and  Spiegel 
(1964) ,  Xato  (1966),  and  Stain  (1967), 

For  simplicity,  wa  consldar  an  unboundad  laotharaal  atmosphere  with  umllaturbad  praaaura  pQ  and 
danalty  pQ,  atratlflad  with  halght  aa  exp(-Z/H)  with  neala  halght 

h  -  p 0/n0g  “  Cp/Yg  (1) 

whara  cQ  la  tha  spaad  of  sound,  and  y  la  tha  ratio  of  apaciflc  heate.  If  P^r.t),  p^(r,t)  and  v(r,t)  ara 

dtvlotlona  of  nir  danalty,  praaaura  and  velocity  from  thalr  equilibrium  values,  the  governing  equations  are 
then  (with  llnaar  tarns  aaparatad  on  tha  left-hand  aide  and  tha  non-llnaar  terns  on  tha  right-hand  aide): 


and 


where 


and 


°o  H  +  Vpl  '  pl*  ■  F  * 

3fil 

~  +  V-(pov)  -  q  , 

3pl 

—  +  poi  •  c:  +  p0=2  v-v  -  h  , 

3(pvv  )  3 (p. v) 

r  - 3- - l_ 

3Xj 

q  -  -9*(pjV)  , 

h  -  -YPjV’v  -  v-Vpj 


(2) 

(3) 

(4) 

(5) 

(6) 

(7) 


Here  g  -  (0,0,-g).  Equations  (2),  (3)  and  (4)  ara  the  aquations  of  momentum,  mass  conservation  and 
adiabatic  motion,  respectively. 

Eliminating  p^  and  v  from  the  llnaar  terms  In  equations  (2),  (3)  and  (4),  and  introducing  the 

variable 


p  -  Pl//ir  (8) 

in  order  to  remove  the  height  dependence  of  tha  perturbation  amplitudes,  we  obtain  the  following  inhomo¬ 
geneous  wave  equation  (Kato,  1966;  Stain,  1967) 


kl.  ..  +  „a2.  (|_r2  C2W2V2 


J?  -  S  , 


where  the  aourca  function  S  la  given  by 


„  _i_  |r (1  +  (-7-f  +  §£»  +  ~  (1  +  <§--r2i-v)«Y-i>i-f  -  |r<c^q-h))]  . 


(9) 


(10) 


v  r o 


with 


Here 


y2 

H  3»*  3y* 


u.  c  / 2b 

A  O 


(ii) 


la  the  acoustic  cut-off  frequency,  while 


“a  “  ^  Y-l/v)  c  /H 
©  0 


(12) 


Is  the  Brunt-Vdlattll  frequency  of  th<*  atmosphere. 


In  Eq.  (9)  the  expression  in  bracl eta  la  the  acoustic-gravity  wave  operator  which  separates  Into 
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the  acoustic  branch  for  w>u.  and  Into  tha  internal  gravity  branch  for  u<io  .  Sine*  we  are  interested  In 

A  B 

acouatlc  wavas  In  th*  atmosphere  we  shall  uae  tha  wall-known  approximation  (Tolstoy,  1963)  to  the  wave 
operator  In  th*  acoustic  range: 


[—  -  c2V2  +  uj|  P  •  S  (13) 

|_3t2  0  k\ 

Ha  next  simplify  th*  source  function  by  Llghthill's  procedure  of  traating  the  terms  in  Eq.  (10)  as  truly 
known  source*.  This  means  that  primary  flow  is  only  waakly  coupled  to  the  acoustic  field.  This  Is 
generally  considered  to  be  possible  for  low  Mach  number  flow,  which  la  tantamount  to  considering  th* 
primary  fluid  motion  as  almost  Incompressible.  Although  Llghthill's  (1952,  1936,  1962)  treatment  Is 
widely  accepted,  tha  theoretical  Justification  for  this  procedure  la  still  evolving  (Crow,  1970;  Lauvstad, 
1968).  Following  in  th*  same  spirit,  only  tarns  Involving  ?  In  Eq.  (10)  are  considered  important.  This 
follows  since 


prim, 


WM*  , 


and 


The  terms  in  ?  become 


and 


(  P1  acous  /po)<<  (  *o  prlm'^o 


1/2  \ 

Pi  ~  M2  , 


a2(p«vlvl) 

-p.?  +  i!  - - 


at  axj  a*j 


*  •  f  “  8  Tx~  (p0VlVJ613) 


(16) 


(15) 


(16) 


(17) 


The  source  term  (3/3t) (c2q-h)  represents  the  non-adlabatlc  nature  of  the  flow  field  and  of  the  stratifi¬ 
cation,  and  la  generally  negligible  for  low  Mach  numbers  (Stein,  1967). 

With  Eqs.  (16)  and  (17),  wa  can  than  expand  the  source  function  in  multlpoles  (Unno,  1966;  Stein, 

32  Vj)  1  ,  3<^o  V>  1  _ 

"  H  •'  3x,  +  AH2  E(v/P0 


1967): 


^(x.t)  -  a 


H  -J  “  -*J 

where  v  -  (v^  v2>  w) ,  H  is  the  scale  height,  and  where 

a  -  1  -  w2  (1  -  y  («t3  + 


w2) 


(18) 


(19) 


6-7-i“B  (1- V 


E- 


(^-) 


The  three  terms  in  Eq.  (18)  differ  from  each  other  in  the  degree  of  space  differentiation  and  represent, 
respectively,  quadrupole,  dipole  and  monopole  sources.  The  dipole  end  monopole  are  absent  In  a  uniform 
medium,  but  arise  because  the  stratification  acts  as  a  boundary  surface  (Curie,  1955;  Unno,  1966). 

RADIATION  FROM  THUNDERSTORMS 


Equations  (9)  and  (18)  are  the  Inhomogeneous  wave  equation  and  source  function,  respectively.  We 
Indicated  that,  because  of  our  Interest  In  the  generation  of  acoustic  waves  of  the  acoustic-gravity  wave 
spectrum,  we  shall  use  tha  approximation  of  Eq .  (13)  as  our  acouselc  wave  operator.  We  also  now  make 
eimplif ications  on  the  source  function  Eq.  (18).  First,  we  consider  that  the  scales  of  motion  are  small 
compared  to  the  scale  height  H;  so  that  from  tha  form  of  Eq.  (18),  only  the  first  term,  the  quadrupole 
source  term,  remains.  Second,  with  the  thought  in  mind  that  the  fluid  motions  contributing  to  the 
fluctuating  Reynold's  stress  are  near  the  Brunt-VAlsHm  frequency  uB>  and  thus  primarily  in  the  vertical 

direction  (Mldgley  and  Liamohn,  1966),  than  tha  coefficients  Eq.  (19)  become  o  »  1 ,  B  “  1/r  and  t  ■  (2-y)/y> 


With  the  approximations  Indicated  above  our  inhomogeneous  wave  equation  becomes 


1_  32(^viV 

co  a*t  3*^ 


(20) 
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This  equation  will  ha  the  basis  for  Boot  of  cha  remaining  discussion,  It  differs  froa  Lighthill's  aquation 
by  the  dispersive  tsrm  w2  and  tha  modified  independant  variabla  p^/rp^  •  both  produced  by  stratification. 


Wa  now  introduce  a  time-harmonic  analysis,  in  which 


“  P(x,t)  *  j  4(x,u)s  dw 
J  _M 


Thus  Eq.  (20)  becomes 


c£y2)  ♦<5.»)  -  =}•  -7  3~^r  f  ^ovivje'iut  dt 

cJ  i  J  ‘ 


where  <  is  tha  phase  velocity  at  frequency  u,  and  where 


9  (i)  9 

c  *■  ■ - — —  c 

U)  0  9  O 

“  -“a 


Equation  (22)  can  now  be  solved  by  standard  techniques  (see,  e.g.,  Stratton,  1941).  We  solve  for 
9  outside  the  source  region  which  is  in  a  finite  volume  near  the  ground.  If  y  Is  a  point  within  the  source 
region,  r  tha  vector  from  this  point  to  the  observer  at  x,  then  outside  the  source  region  we  have. 


»(x,w)  -  — ^ —  f  ^ 
8*2c3  'V 


-iur/c  32  / —  ..  .5- 

*  “  UiJ  d3* 


where  we  only  consider  the  propagating  frequencies,  u  >  u^,  also 


•  ao 

UtJ(x.m)  -  j  viv^e-lut  dt 


Away  from  the  source  region  we  can  use  the  divergence  theorem  twice,  so 


,  2  r,r.  -iwr/c 

t(x,u)  ■  -  - - 2^-  “ - “  /p~ 

a*2c3  J  „2  ^  r 


‘cJ  '  c‘ 

O  U) 


p„  U1J(y,u)d3y 


In  the  far  field  this  becomes 


1  2  x.x.  r  -iur/c 

4(x,u)  a  -  T"  — 2^-  [  ® - -  •/'p~  U,,  d3 

«„2r3  C*  J„  r  0  « 


8n2c3  u 
o 


then,  from  Eq.  (25), 


Vi "  V*>  cos  [“i*  +  *1^] 

Vj  -  Vj(y)  cos  Ju^t  +•  ♦j  (y)J 


Uij  "  ViVj'r  +  w2))ei*l+42)+  «(u-(u1-u2))ei(*l‘l>2)J 


If  v^  and  Vj  are  oscillations  in  the  internal  gravity  wave  apectrum  than 


V  “j  1  “b  • 


and  aince  u.  >  u.  wa  require  for  radlatlor  (u  +  u  )  >  u  ,  and  Eq.  (27)  becomes 
A  B  1  j  A 

1  .2  r  .-iur/c.  _ 


1  2  X4X4  f  “iwr/c  _ 

♦  (*!«)  "  — ^  ~ - "7*^  * — —  ^7  v  V  fiCw-Cw.-hd 2))d3y 

nwr3  x  Jv  r  0  1  J  12 


8wc3  c2 

O  U) 


It  la  evident  from  this  that  a  frequency  w  ■  ie  radiated,  idler*  at\d  ara  frequencies  of 
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internal  vavaa. 

If  u.  ,u,  are  near  the  Brunt-VRlsBlS  frequency  w  then  the  acouatic  frequency  radiated  would  be 

*•  J  ** 

u  a  2w_.  In  the  troposphere.  Brunt's  period  varies  from  about  4  to  10  min,  so  that  the  period  of  acouatic 

D 

waves  radiated  would  be  from  2  to  5  min,  which  Is  the  period  range  of  ionospheric  oscillation  associated 
with  thunderstorms. 

Near  the  fluid  particles  move  primarily  in  the  vorticul  direction  no  that  x^  ■  x^  and  in  Eq.  (31) 
the  geometrical  factor  is 


. -  coh20 

X2 


(32) 


where  9  is  measured  from  the  vertical.  We  hava  a  vertical  linear  qucdrupole  radiation  pattern,  with  a  null 
to  the  side,  This  null  may  help  explain  the  appare  it  absence  of  the  acoustic  oscillations  on  microbarograph 
records  during  thunderstorm  activity  (K.  Davies,  private  communication),  because  outside  a  cone  of  semiangle 
of  about  30*  the  acoustic  prenoute  would  be  small. 


Actually,  at  least  one  of  the  waves  v  ,  v  must  have  a  vertical  wave  number  component  in  order  for 
the  acoustic  oscillation  to  be  observed  lti  the  ionosphere  above  the  source.  This  is  seen  if  we  use  the 
representation 

vi  a,  [  f  e;tp(i(k^x  -  u^t  -4-  S^dtud3'*  (33) 

*  —CO  j 

so  that 


viVJ  ^  jj  exp  +  Sj>x  -  (u.,  +  u^)t  +  (6^  +  0^)du)d3k  (34) 


Here  k,  .  "  (k  ,k  ,k  )  ,  .  ,  and  (it,  +  k.)  is  the  acoustic  wave  number  so  that  for  vertical  propagation 

i.J  x*  y1  i  i, j  J  j 


(kz.l  *  k*.J>  >  °- 


CONCLUSIONS 


In  this  paper  we  hava  developed  a  theory  to  explain  the  generation  of  2-5  min  period  acoustic 
oscillations  in  the  ionosphere  by  thunderstorms  in  the  troposphere.  Using  the  approach  of  Lighthill  to 
explain  the  generation  of  aerodynamic  sound,  an  inhomogeneous  acoustic  wave  equation  was  developed  with 
aultlpole  sources,  of  which  the  qundrupol*  is  the  most  important. 

Thunderstorms  and  other  convective  activity  are  known  to  generate  oscillations  and  waves  in  the 
internal  gravity  wave  spectrum.  Through  the  nonlinear  quadratic  interaction  of  these  internal  waves  the 
multlpols  sources  are  excited,  generating  acoustic  waves  whose  frequency  is  the  sum  of  the  frequencies  of 
the  primary  internal  waves.  For  internal  wave  periods  near  Brunt’s  period,  chls  process  would  generate 
acoustic  periods  near  oue-helf  Brunt's  period  in  the  troposphere,  i.e.,  periods  2-5  min  for  typical 
Brunt's  periods  4-10  min 

Near  Brunt's  period  t_  particle  motions  are  primarily  vertical,  sr  that  for  interacting  internal 

D 

waves  with  periods  near  Tg,  tho  qusorupole  (and  dipole)  radiation  pattern  in  the  fur  field  for  acoustic 
waves  is  in  the  vertical  direction,  with  a  null  to  the  aide. 
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'ETUDE  PHHNCMENOLOC IQUE  DBS  AMPLITUDES  ET  DES  SPECTRES  D' ONDES  DE  GRAVITK 


par 


J.P,  wi-jic<lal 


SOMA  I  RE 


Lea  observations  du  contenu  en  Electrons  de  1 ' ionosphere  *u  moyen  de  satellites  bail¬ 
ees  geoetationnaires  rfvilent  tris  friquejnnent  la  presence  d' oscillations  de  forme  sinusotdale, 

Les  enregistrements  de  rotation  de  Faraday  reprfsentent ,  pour  ces  oscillations,  un  bon  syst&ne 
de  contrSle,  Pour  ftudier  ces  oscillations,  on  a  filtrf  nuu^riquement  les  enregistrements  dn 
contenu  d'6lectrons,  Le  filtre  nuaSrique  eat  brifvcaent  dfcrit,  Les  anplitudesdes  effete  cr88s 
par  les  ondes  de  gravity  peuver.t  ftre  facilement  montrSes  apris  filtrage.  La  partie  filtrie  des 
donnies,  reprSsentant  les  fluctuations  provoqutes  par  les  ondes,  peut  ftre  utilisAe  pour  calculer 
les  spectres  d'fnergie.  Le  calcul  de  ces  spectres  d'inergie  est  d£crit  pour  clarifier  les  rfesul- 
tats.  A  portir  des  spectres,  on  peut  dlduire  les  faits  suivanta  :  1°)  l'amplitude  de  l’onde  dS- 
croft  rapidement  en  mfme  temps  que  diminue  la  longueur  de  la  pfriode,  2°)  toutes  les  period e.,  peu- 
vent  ftre  observfes,  3°)  les  frequences  haraoniques  ne  sent  pas  habituelleaent  obser tries,  Une  ftu- 
de  statistique  portent  aur  un  grand  noobre  de  jours  rfvfle  en  noyenne  que  toutes  les  frequences 
ont  la  a&ne  probability,  bien  que  des  pfriodes  de  3$  minutes  puissent  apparaftre  de  preferences, 

Des  jours  particulars  aont  ftudiis. 
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A  PHENOMENOLOGICAL  INVC./flUATION  Or  AMPLITUDES 
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J.P.  Schodel 

Max-Planck-lnatitut  fiir  Aeronoaie 
Abteilung  fiir  Weltraumphysik 
3411  Lindau/llarz 
Ked.  Hep.  Germany 


SUMMARY 


Observations  of  the  ionospheric  electron  content  by  means  of  geostationary  beacon  satellites 
very  often  exhibit  oscillations  of  sinusoidal  form.  Faraday  rotation  records  represent  a  good 
monitoring  system  for  these  oscillations.  For  the  investigation  of  the  oscillations  the  records 
of  the  electron  content  were  filtered  numerically.  The  numerical  filter  is  described  briefly.  The 
amplitudes  of  effects  caused  by  gravity  waves  can  easily  be  demonstrated  after  the  filtering.  The 
filtered  part  of  the  data  -  representing  the  wave  induced  fluctuations  -  can  be  used  for  the 
computation  of  power  spectra.  The  computation  of  the  power  spectra  is  described  in  order  to  clari¬ 
fy  the  following  results.  From  the  spectra  we  can  deduce  the  following  facts:  1.  the  wave  ampli¬ 
tude  decreases  rapidly  with  decreasing  period  length,  2.  all  periods  can  be  observed,  3.  harmonic 
frequencies  are  usually  not  observed.  A  statistical  investigation  for  a  large  number  of  days 
shows  on  average  that  all  frequencies  have  the  same  probability,  although  periods  of  35  minutes 
may  be  preferred.  Particular  days  are  discussed. 

1.  INTRODUCTION 

If  linear  or  elliptically  polarized  radio  signals  from  geostationary  satellites  are  ob¬ 
served,  one  finds  short-time  periodic  fluctuations  in  addition  to  the  usual  rotation  of  the  plane 
of  polarization  (Faraday  effect),  which  is  due  to  the  daily  variation  of  the  ionospheric  electron 
content.  Figure  1  presents  the  record  of  Faraday  rotation  for  December  2,  1969.  One  sawtooth 
corresponds  to  a  relative  rotation  of  180°.  The  satellite  ATS- 3  was  observed  in  Lindau.  Superim¬ 
posed  on  the  record  are  sinusoidal  oscillations  whose  period  is  less  than  one  hour.  Continuous 
observations  of  this  kind  ire  relatively  Inexpensive  to  carry  out  and  are  obviously  useful  as  a 
monitoring  system.  Since  this  measuring  procedure  gives  the  integral  of  the  electron  density  along 
the  direction  of  propagation  of  the  radio  signals,  no  conclusions  can  be  drawn  concerning  height 
dependent  parameters  of  the  observed  oscillations.  When  we  speak  of  amplitudes  and  spectra  here, 
we  always  mean  those  which  refer  to  the  electron  content  of  the  ionosphere. 

2.  PRESENTATION  OF  WAVE  AMPLITUDES  HY  MEANS  OF  FILTERING 

Presented  in  Figure  ?.  in  arbitrary  units  are  nil  of  the  observed  daily  variations  in  the 

electron  content  for  the  month  of  December  1969.  We  recognize  that  the  oscillations  during  a  day 
obviously  occur  regularly.  Since  the  amplitudes  of  these  oscillations  are  small  with  respect  to 
the  amplitude  of  the  daily  variation  itself,  we  want  to  separate  out  these  oscillations  by  means 
of  filtering.  The  filter  is  determined  from  the  following  considerations: 

(a)  atmospheric  gravity  waves  have  periods  from  a  few  minutes  to  a  few  hours 

(b)  tides  should  be  eliminated  by  the  filter 

(c)  the  smoothing  process  associated  with  the  filter  should  not  in  itself  produce 
oscillations  where  the  normal  daily  variation  is  rapid,  such  as  in  :he  morning  hours. 

Thus  we  want  to  examine  only  oscillations  with  periods  from  5  to  120  minutes.  The  use  of  numerical 
bandpass  filters  la  relatively  costly  in  programing  and  computing  time.  Therefore  we  use  a  nu¬ 
merical  high  pass  filter  which  has  a  pass  range  containing  the  desired  frequencies  (Schbdel, 

Munch,  1972).  Figure  3  shows  the  pass  response  curve  H  (f)  of  the  high  pass  filter,  which  consists 
of  27  coefficients.  The  reaponse  H  (f)  is  plotted  versus  frequency  f  (or  equivalently  period  P). 

The  filter  opens  for  a  period  P  =  180  minutes.  The  3  dB  point  lies  at  P  -  135  minutes,  and  the 
filter  is  fully  open,  l.e.  U  (f)  =  1 ,  at  P  =  120  minutes.  The  filter  in  linear  and  phase  pre¬ 
serving. 

Before  demonstrating  the  results  of  filtering  we  should  first  describe  the  procedure  for 
the  deteraination  of  the  spectral  frequency  distribution. 

3.  CALCULATION  OF  THE  SPECTRAL  FKLyUr.NCY  DIoTRl  IIUT10N 

We  have  already  made  an  Important  step  in  the  direction  of  a  spectral  analysis,  namely 
that  the  amplitude  of  the  daily  variation  is  much  larger  than  that  of  the  superimposed  oscillations 
and  would  yield  in  a  apectrum  as  described  below  only  a  line  with  P  u  24  hours.  It  can  further  be 
determined  that  temporal  phase  jumps  between  oscillations  of  the  same  period  occur,  and  therefore 
a  harmonic  analysis  ia  excluded.  The  power  spectrum  method  offers  s  wav  around  this  problem 
(Blackman,  Tukey,  1958).  According  to  Blackman  and  Tukey  in  finite  time  intervals  one  can  determine 
an  approximate  autocorrelation  function  cf  a  continuous  function  of  time,  vine  then  obtains  the 
power  spectrum  of  the  function  of  time  through  a  Fourier  transformation  of  the  approximate  auto¬ 
correlation  function.  When  the  data  points  are  a  fixed  distance  apart,  an  estimate  of  the  power 
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spectrum  can  be  calculntod.  Further  detoils  con  be  found  in  the  papers  of  illackaan  and  Tukey  (1958) 
and  8chodel  and  Munch  (1972). 

4.  SELECTED  EXAMPLES 

Out  of  117  daily  recordings  of  the  electron  content  examined,  samples  were  selected 
which  exhibited  distinct  lines  in  the  spectrum.  A  preference  for  fali  and  winter  appears  only 
accidentally,  since  the  satellite  ATS-3,  which  was  obaerved  in  Lindau,  was  not  available  for  ob¬ 
servation  in  the  spring  and  summer  months.  Twelve  daily  recordings  will  be  presented  in  chronolo¬ 
gical  order  and  their  characteristics  described. 

Figure  4  from  December  19,  19C8,  shows  a  typical  daily  electron  content  curve  for  winter. 

It  has  a  deep  minimum  in  the  morning  hours,  then  a  steep  increase,  and  after  about  four  hours  an 
equally  steep  decrease.  The  curve  is  relatively  flat  during  the  night.  This  curve  is  in  the  lower 
left  corner  of  the  figure.  The  measured  vuluos  are  represented  by  a  solid  line.  The  dotted  lino 
represents  the  filtered  curve.  In  the  upper  left  corner  of  the  figure  is  the  high  frequency  part 
N£  of  tho  electron  content,  since  all  periods  less  than  or  equal  to  120  minutes  are  included,  one 
can  immediately  see  only  a  wave  period  of  about  120  minutes.  The  power  spectrum  on  the  right  of 
the  figure  gives  information  about  all  represented  periods.  The  relative  amplitude  A  is  shown  as 
a  function  of  the  period  P  ( in  minutes).  The  vertical  line  in  the  spectrum  corresponds  to  the 
3  dll  point  of  the  high  pass  filter.  In  the  right  part  of  the  figure  is  given  the  90  %  confidence 
limit  (Ulackman  and  Tukey,  1958).  We  consider  a  spectral  line  significant  only  when  this  limit  is 
exceeded.  From  the  spectrum  we  can  then  read  off  two  spectral  lines,  one  between  127  and  76  minu¬ 
tes  and  one  at  about  29  minutes.  A  further  line  can  be  expected  at  a  period  of  about  20  minutes. 
Consideration  of  the  spectral  lines  makes  the  irregular  appearance  of  the  Nt  curve  understandable. 
It  should  be  pointed  out  again  that  the  curve  contains  all  frequencies  passed  by  the  filter. 

From  this  example  we  can  extract  a  characteristic  which  holds  for  all  spectra;  that  the  relative 
amplitude  decreases  more  than  an  order  of  magnitude  whenever  the  period  of  oscillation  decreases 
by  a  factor  of  5.  It  Is  therefore  to  be  expected  that  higher  frequencies  are,  as  a  rule,  lacking. 

In  fact  data  from  Lindau/Harz  verifies  that  periods  of  about  5  minutes  are  observable  on  only 
about  0.2  ,h  of  all  days.  On  the  other  hand,  however,  the  limit  for  acoustic  waves  in  the  F-region 
of  the  ionosphere  has  been  reached  (Hines,  1960). 

Figure  5  from  December  25,  1968,  shows  a  very  clear  wave  development  in  the  morning  hours 
with  a  superimposed  oscillation  of  short  period.  The  power  spectrum  verifies  that  there  are  os¬ 
cillations  with  periods  of  120  and  38  minutes.  The  quantity  represents  approximately  3  So  of  th 
maximum  electron  content.  In  Figure  6  from  August  22,  1969,  the  relatively  sharp  spectral  line 
at  P  =  54  minutes  appeared  in  two  wave  trains  at  about  13  and  21  hours.  Figure  7  from  September  17, 
1969,  shows  a  regular  wave  pattern  for  nearly  24  hours.  In  the  ideal  case  the  disturbance  is 
directly  proportional  to  the  total  electron  content  (Georges  and  Hooke,  1970).  That  presupposes, 
however,  that  the  wave  vector  of  the  gravity  wave  is  independent  of  height.  The  example  just  given 
shows  clearly  that  the  proportionality  does  not  hold.  Thus  the  wave  vector  should  be  considered 
height  dependent  in  ail  cases.  This  is  especially  meaningful  with  respect  to  a  quantitative  ana¬ 
lysis  of  the  wave  amplitudes  (.Schodel,  1972).  A  further  example  indicating  that  proportionality 
between  the  magnitude  of  Nt  and  Nt  is  not  maintained  is  shown  in  Figure  8  from  September  19,  1969. 
The  smallest  value  of  the  amplitude  Nt  occurs  when  is  the  largest.  From  this  we  can  conclude 
that  there  Is  a  time  dependent  source  of  gravity  waves.  The  curve  of  electron  content  corresponds 
to  the  summer  months.  The  minimum  occurs  appreciably  earlier  than  in  winter,  and  the  increases 
and  decreases  are  not  ao  steep.  Moreover,  the  difference  in  electron  content  from  day  to  night  is 
not  as  large  as  in  winter. 

The  next  two  examples  in  connection  with  the  previous  examples  leads  one  to  suspect  that 
there  is  no  preference  for  a  given  spectral  line.  In  Figure  9  from  October  9,  1969,  there  are 
three  (four)  specific  periods  whereas  in  Figure  10  from  November  12,  1969,  there  are  two  closely 
spaced  spectral  lines  agaim  t  a  background  of  continuous  spectrum,  in  Figure  11  from  November  13, 
1969,  one  can  see  a  nearly  harmonic  frequency  relation  of  the  wave  part  of  the  electron  convent. 
Kegular  wave  structures  are  only  recognizable  for  short  time  intervals.  As  before  the  electron 
content  falls  sharply  between  16^®  and  18^0,  arid  then  remains  constant  for  about  two  hours.  We 
assume  the  cause  of  this  is  the  nightly  rise  of  the  F-region  (Eisemann,  1966).  Throug  .  the  rise 
of  the  F-layer  the  electrons  are  moved  into  a  region  of  lesser  density  and  therefore  smaller  loss, 
decease  of  this  there  apparently  arises  a  sinusoidal  structure  in  the  electron  content  which  can¬ 
not  be  ascribed  to  a  gravity  wave.  At  this  point  a  restriction  of  our  analysis,  which  was  pointed 
out  in  section  2,  becomes  clear.  Filtering  and  spectral  analysis  must  be  carried  out  in  such  a 
way  that  changes  In  the  electron  content  which  are  part  of  the  "normal"  daily  variation  do  not 
become  part  of  the  wave  structure.  This  applies  especially  for  the  morning  hours  in  which  the 
electron  content  can  have  a  sharp  minimum.  The  filtering  process  would  in  this  region  produce 
oscillations  which  cannot  be  ascribed  to  atmospheric  gravity  waves. 

Up  to  now  the  largest  wave  amplitudes  observed  were  on  November  25,  196J  (see  Figure  12). 
They  are  roughly  five  to  seven  percent  of  the  maximum  electron  content.  There  are  two  distinct 
wave  trains  between  8  and  11  hours  and  between  12“*^  and  14**^.  jn  Figure  13  from  November  30,  1909, 
two  specific  harmonic  frequencies  again  appear  whose  phases  are  such  that  the  minimum  of  the 
oscillation  of  higher  frequency  falls  in  the  maximum  of  tne  oscillation  of  lower  frequency  and 
vice  versa.  The  high  frequency  oscillation  in  the  noon  hours  of  December  2,  1009,  (Figure  14) 
corresponds  to  the  spectral  line  at  about  35  minutes.  A  further  line  is  to  be  expected  1  etween 
P  =  76  and  P  =  127  minutes. 

The  examples  given,  with  the  expection  of  two,  can  be  considered  taken  under  geophysically 
quiet  conditions.  December  16,  1969  (Figure  15)  belongs  to  the  group  of  geophysically  distu.oed 
days  as  well  as  December  25,  1968,  and  November  30,  1969.  The  constancy  of  geophysical  conditions 
led  to  the  analysis  of  only  24  hours  in  each  case.  In  two  cases  (November  2-3,  1969,  ..rid  November 
16-19,  1969)  periods  of  four  days  were  analyzed  for  tire  spectral  frequency  distribution.  The  re¬ 
spective  spectra  show  7  and  H  significant  spectral  lines.  Thir  is  obviously  a  sign  that  no  pre¬ 
ferred  f  equencles  exist  in  the  ionosphere.  To  date  117  days  have  been  analyzed.  From  the  spectra 
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th«  rat*  of  occurrence  of  oscillation*  of  given  period  )’  was  obtained.  Kigure  16  shown  the  results. 
The  rate  of  occurrence  N  u>  plotted  a*  a  function  of  I'.  The  shaded  hors  correspond  to  the  signi¬ 
ficant  spectral  llnet.  If  the  line*  are  also  included  which  lie  in  the  neighborhood  of  the  confi¬ 
dence  liaiit,  then  H  O')  iu  increased  by  the  unshaded  bars. 

A  connection  between  the  geomagnetic  index  Ap  and  the  spectral  distribution  of  relative 
amplitude  A  O')  in  the  spectra  could  not  be  verified  since  the  data  for  Much  an  analysis  is  not 
auf f ic  lent. 

9.  UiKCtUMOM 

Continuous  observations  of  the  electron  content  of  the  ionosphere  exhibit  oscillations 
which  can  bw  explelnud  as  atmospheric  gravity  wsvss.  Gravity  waves  are  s  regular  occurrence,  at 
least  in  .he  F- region  of  the  ionosphere.  The  method  given  encompasses  the  oscillation  period  in¬ 
terval  from  five  minutes  to  several  hours.  Since  the  oscillations  are  presented  in  analog  form, 

It  is  very  easy  to  carry  out  a  spectral  analysis.  A  chain  of  observing  stations  will  in  the  fu¬ 
ture  obtain  information  on  the  horisontal  wave  vector,  which  will  make  a  quantitative  analysis 
possibls.  That  is  the  next  goal  of  this  work. 
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Figure  1:  Faraday  rotation  record,  Decesher  2,  1069,  Lindau/Hara.  Vino  scale  fros  left  to  right. 
One  sawtooth  is  equivalent  to  a  rotation  of  180°.  Superimposed  are  sinusoidal  oscilla¬ 
tions  which  are  related  to  atsospheric  gravity  waves. 


Figure  2<  Total  electron  content  Nt  during  Decenber  1969.  in  arbitrary  unite.  Oscillations 
occur  regularly. 
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125,0  62,5  41,7  31,3  25,0  20,8 
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Figure  3i  Numerical  filter,  consisting  of  NF  *  27  coefficients.  Response  R  versus  frequency  f 
and  period  P.  The  filter  opens  for  a  period  P  =  180  sinutes.  The  3  dB  point  lies  at 
P  »  135  sinutes,  and  the  filter  is  fully  open,  i.e,  H  (f)  ■  1,  at  P  ,  120  sinutes. 
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Figure  4:  Data  of  Decenter  19,  1968.  Left  hand,  lower  part:  electron  content  Nt,  aeaeured  curve 
ae  a  oolld  line,  waoothed  curve  ie  dotted.  Left  hand,  upper  part:  high  frequency 
part  N*  of  the  electron  content  aa  obtained  by  senna  of  filtering,  dight  hand:  power 
apectrda  of  N 4.  Relative  aaplitude  A  veraus  period  9.  The  90  %  confidence  Halts  are 
given  by  error  bars. 
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Figure  S:  Data  of  Decesber  25,  i960. 


Figure  11:  Data  o (  Novaabar  13,  1D69, 


Figure  1C:  The  rote  of  «ccurrenco  N  of  given  poriod  P  as  function  of  P.  The  shaded  bars  corre¬ 
spond  to  the  significant  spectral  linaa.  If  the  lines  are  also  included  which  lie  in 
the  neighborhood  of  the  confidence  Unit,  then  N  (P)  is  increased  by  the  unshaded  bars. 
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C®  IP  ARM  SON  DES  CALCULS  ET  DES  OBSERVATIONS  PORTANT  SLR  LE  COtPOR'ITMtNT 
OH  L'OAUE  DE  Cl  IOC  ENGENDREE  PAR  L’ES  EXPLOSIONS  NUCLEAIRES  !Jt  L'ORDRE  DE 
PLUSIEUPS  KILOTONNES,  PRQDUITE5  AU  VOiSINAGE  DU  SOL. 


par 

D.P.  Konellakos  et  R.A.  Nelson 


S®flAIRE 


On  fait  dee  comparaiscne  entre  lea  rgsultats  de  calculs  tydrodynamiques  numeriques  de 
la  propagation,  a  travers  1 ' ionosphere,  de  fronts  de  choc  produits  par  des  explosions  nucleaires 
au  voisinage  du  sol,  et  les  donnees  fournies  par  l'observation  des  perturbations  ionosnheriques 
lifces  &  ces  fronts  de  choc,  Le  hut  de  ces  ccoparaisons  est  de  prouver  la  validite  des  calculs 
hydrody nam i que s  numSriques  aux  altitudes  ionosph&riquea. 

On  a  pu  situer  l'onde  de  choc  dans  l'interralle  d'altitude  compria  entre  100  et  225  tan 
grfice  a  une  reduction  a  l'altitude  reelle  des  hauteurs  d'ionograamea  obtenus  en  incidence  verti¬ 
cals  &  l'aidn  d'ionoaondea  situJ.s  i  10  tan  environ  du  lieu  des  explosions.  Pour  effectuer  les  cal¬ 
culs  numeriques  de  la  propagation  ascendante  de  l'onde  de  choc,  on  a  utilisg  le  code  hydrodynami- 
que  SHELL  originellement  mis  au  point  a  la  "General  Atomic", 

Les  valeura  experiment  ales  ent  ete  obtenueB  &  partir  des  ionogrommes  correspondent  aux 
experiences  D  et  E  de  la  aerie  de  tests  nucleaires  BUSTfR-J ANGLE  effectuee  en  1051.  Les  points 
experimental  et  les  courbes  thecr iquer  montrent  clairement  tous  deux  une  acceleration  du  front, 
d'onde  de  choc  au-deasuB  de  100  km  d'altitude,  Les  valeurs  obtenues  d'une  part  exp£riinentalement , 
d'autre  part  grSce  aux  calculs,  concordent  a  quelques  kilometres  pris  pour  1c  front  d'onde  de  choc 
primaire,  bien  que  l'on  ne  connaiase  pas  les  parsmetres  atmospheriques  exacts  au  moment  des  essais, 

L' expos?  sera  suivi  d'un  petit  film  de  16  ntn  montrent  les  perturbations  ionospheriques  ob- 
aervees  i  Kusaie  (sur  l'equateur  magnetique)  &  la  suite  d'une  forte  explosion  nucieaire  de  faible 
altitude  ayant  eu  lieu  si  7**0  km  au  nord  de  ce  point. 
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COMPARISON  OF  COMPUTED  AND  OBSERVED  SHOCK  BEHAVIOR 
FROM  MULTIKILOTON,  NEAR-SURFACE  NUCLEAR  EXPLOSIONS  * 


Demetri  P.  Kanoilakos  and  Raymond  A.  Nelson 
Radio  Physics  Laboratory 
Stanford  Research  Institute 
Met.lo  Park,  California  94025 
USA 


SUMMARY 


Comparisons  are  made  between  numerical  hydrodynamic  calculations  of  the  propagation  through  the 
ionosphere  of  shock  fronts  arising  from  near-surface  nuclear  explosions  and  experimental  observations 
of  the  ionospheric  disturbances  associated  with  these  shock  fronts.  The  purpose  of  these  comparisons 
is  to  provide  a  test  of  the  validity  of  numerical  hydrodynamic  calculations  at  ionospheric  heights. 

The  location  of  the  shock  wave  in  the  height  range  from  100  to  225  kro  was  obtained  from  true-height 
reduction  of  vertical-incidence  lor.ograms  obtained  by  ionosonde3  situated  about  10  km  from  the  location 
of  the  explosions.  Numerical  calculations  of  the  upward  propagation  of  the  shock  wave  were  made  using 
the  SHELL  hydrodynamic  code  that  was  originally  developed  at  General  Atomic. 

Experimental  values  were  obtained  from  ionograms  taken  for  the  Dog  and  Easy  events  of  the  1951 
BUSTER-JANGLE  nuclear  test  series.  Both  the  experimental  points  and  the  theoretical  curves  clearly 
show  an  acceleration  of  the  shock  front  at  altitudes  above  100  km.  There  is  agreement  between  experimental 
and  calculated  values  to  within  a  few  km  for  the  primary  shock  front  in  spite  of  a  lack  of  knowledge  of 
the  exact  atmospheric  parameters  at  the  times  of  the  tests. 

A  brief  16-mm  film  will  be  presented,  showing  ionospheric  disturbances  at  Kusale  (on  the  magnetic 
equator)  following  a  large,  low-altitude  nuclear  explosion  740  km  to  the  north. 

1.  INTRODUCTION 

When  a  nuclear  detonation  takes  place  in  the  earth's  atmosphere,  a  shock  wave  propagates  outward  from 
the  point  of  detonation.  Initially,  this  shock  wave  weakens  rapidly  due  to  geometric  spreading  and  dis¬ 
sipative  processes  in  the  shock  front,  but  the  portion  of  the  shock  wave  that  propagates  nearly  vertically 
upward  weakens  less  rapidly  than  the  rest  of  the  wave  because  of  the  nearly  exponential  decrease  in  atmos¬ 
pheric  density  with  increasing  altitude.  At  later  times,  when  the  effect  of  geometric  spreading  is  greatly 
reduced,  the  portion  of  the  wave  that  propagates  upward  from  a  near-surface  burst  can  actually  increase  in 
strength  (Mach  number)  at  ionospheric  heights.  The  progress  of  this  shock  wave  through  the  ionosphere  can 
be  detected  by  means  of  an  lonosonde. 

Calculations  of  the  progress  of  this  shock  wave  in  a  realistic  atmosphere  can  be  made  on  a  high-speed 
computer  using  the  SHELL  code  (GREENE,  J.  S.,  Jr.,  and  WHITAKER,  W.  A.,  1968). 

Late-time  effects  for  a  number  of  yields  and  altitudes  (below  30  km)  have  been  studied,  using  the 
SHELL  code.  As  an  example  of  the  calculations  that  have  been  made,  two  plots  of  relative  pressure  for  a 
4-MT  sea-level  burst  are  reproduced  in  Figure  1  (GREENE,  J.  S.,  Jr.,  and  WHITAKER,  W.  A.,  1968). 

Figure  1(a)  shows  that  the  primary  shock  front  has  reached  about  133  km  height  directly  above  the  ex¬ 
plosion  point  300  sec  after  the  burst  time.  By  400  sec  [Figure  1(b)]  the  primary  shock  has  moved  to 
about  245  km,  and  a  secondary  disturbance  is  clearly  evident  between  100  and  120  km.  In  addition,  the 
primary  shock  front  has  become  bell-shaped. 

Aa  a  check  on  the  validity  of  making  such  hydrodynamic  calculations  at  ionospheric  heights,  comparisons 
are  made  with  experimental  data  obtained  from  the  BUSTER-JANGLE  nuclear  test  series,  which  was  conducted  in 
Nevada  during  1951  (DANIELS,  F.  B.,  and  HARRIS,  A.  K.,  1951).^  Daniels  and  Harris  have  made  observations 
of  this  type  on  a  number  of  nuclear  tests  (DANIELS,  F.  B.,  and  HARRIS,  A.  K.,  1958;  DANIELS,  F.  B. ,  et  al., 
1960) . 


*  The  work  reported  in  this  paper  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  Department 
of  Defense  under  Air  Force  Contracts  F33657-68-C-1147  and  F33657-70-C-0090. 

^  We  wish  to  thank  these  authors  for  lending  us  their  original  records. 
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2.  COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL  RESULTS 
2.1  DOG  Event 

The  Dog  event  of  the  BUSIER- JANGLE  nuclear  test  series  was  a  multiklloton  explosion  that  took  place 
on  1  November  1951  at  0730  local  time  at  an  altitude  of  approximately  430  m.  It  was  an  air  burst  over 
Nevada  where  the  ground  elevation  Is  approximately  1300  m  above  sea  level.  Observations  of  the  shock- 
induced  Ionospheric  disturbances  were  made  by  a  vertical-incidence  lonosonde  located  roughly  10  km  south 
of  the  place  of  detonation. 

Figure  2  presents  selected  1.  nograms  for  the  Dog  event  showing  the  undisturbed  Ionosphere  and  the 
arrival  and  propagation  of  the  primary  shock  front  and  a  secondary  disturbance.  The  first  lonogram  in 
this  figure  was  taken  approximately  15  min  before  the  time  of  the  detonation,  TOP  (at  -15:00).*  Both 
ordinary-  and  extraordinary-ray  traces  are  visible  for  the  F  region.  The  second  lonogram  was  taken  after 
To  but  before  the  shock  wave  had  arrived  at  ionospheric  heights.  On  the  remaining  ionograms,  arrows 
Indicate  the  location  and  time  of  the  disturbance  produced  by  shock  waves.  Cusps  in  the  F-layer  traces 
(beginning  with  the  +6:54  lonogram)  are  Indicated  by  solid  arrows  for  the  primary  shock  and  dashed  arrows 
for  the  secondary  disturbance;  cusps  in  the  trace  for  the  ordinary  ray  are  Indicated  by  an  O  and  cusps  in 
the  extraordinary-ray  trace  are  Indicated  by  an  X. 

At  +5:31  the  first  evidence  of  the  shock  wave  is  given  by  the  second  echo  froei  the  E  region,  as  shown 
In  the  third  lonogram  of  Figure  2(a).  The  E-reglon  disturbance  broadens  and  moves  to  higher  altitudes  in 
the  next  two  lonogrums.  At  +6:54  the  shock  arrived  at  the  F  region,  as  Indicated  by  a  new  cusp  at  3  MHz. 
On  succeeding  ionograms  new  cusps  are  seen  on  both  ordinary  and  extraordinary  traces  as  the  primary  shock 
moves  up  through  the  F  region.  The  secondary  disturbance  Is  first  seen  at  7:54  on  the  last  lonogram  of 
Figure  2(a).  Both  disturbances  are  seen  to  move  through  the  F  layer  In  the  ionogramB  of  Figure  2(b). 
True-helght  curves  for  selected  ionograms  of  tho  Dog  event  are  shown  In  Figure  3.  Comparison  of  the  data 
using  ordinary-  and  extraordinary-ray  cusps  to  obtain  the  plasma  frequency  (and  thereby  the  true  height) 
at  the  shock  front  are  given  in  Table  1.  It  is  to  be  noted  that  there  Is  generally  good  agreement  between 
the  ordinary  frequency,  fo,  at  the  disturbance,  and  the  equivalent  frequency  (fx2  -  fxfH)i  ol  ,ined  from 
the  extraordln.  ry  frequency,  fx,  at  the  disturbance. 


Table  1 

COMPARISON  OF  IONOGRAM  CUSP  FREQUENCY  FROM  ORDINARY  RAY 
WITH  EQUIVALENT  FREQUENCY  DERIVED  FROM  EXTRAORDINARY  RAY  FOR  DOG  EVENT 


Primary 

Disturbance 

Secondary  Disturbance 

Local 

Time 

fo  cusp 
(MHz) 

fx  cuap 
(MHz) 

( f x2-fxfH) 
(MHz) 

2  i 

f o— ( fx  -f xfH) 
(MHz) 

Local 

Time 

fo  cusp 
(MHz) 

fx  cusp 
(MHz) 

2  J 

(fx  -fxfH) 
(MHz) 

2  i 

f o— ( f x  -fxfH) 
(MHz) 

7: 10 

3.4 

4.2 

3.42 

-0.02 

7:25 

3.8 

4.5 

3.72 

+0.08 

7:40 

4.4 

5.1 

4.33 

+0.07 

7:55 

5.15 

5.9 

5.14 

+0.01 

8:03 

5.6 

6.3 

5.54 

+0.06 

8:02 

3.1 

3.8 

3.01 

+0.09 

8: 10 

6.2 

fa. 8 

6.05 

+0.15 

8:08 

3.2 

3.9 

3.11 

+0.09 

8: 18 

6.G 

7.4 

6.65 

-0.05 

8: 16 

3.3 

4.0 

3.21 

+0.09 

8:26 

7.0 

7.7 

6.96 

+0.04 

8:24 

3.5 

4.2 

3.42 

+0.08 

8:41 

3.8 

4.5 

3.72 

+0.08 

9:03 

4.5 

5.2 

4.43 

+0.0? 

9: 18 

5.2 

5.9 

5.14 

+0.06 

3:35 

6.0 

6.6 

5. 86 

+0.15 

9:48 

6.6 

7.2 

6.45 

+0.15 
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T1m«0  ire  given  in  minute*  end  seconds  before  the  detonation  (-)  and  after  the  detonation  (+) . 


Ml  1 

Figure  4  presents  a  comparlso  >f  the  theoretical  and  experimental  positions  o  f  the  two  fronts  as  <■ 

function  of  tine  for  the  Dog  event.  niere  Is  rather  good  agreement  for  the  primary  shock,  with  relative’  ' 

poor  agreement  for  the  secondary  disturbance. 

2.2  Event  Easy 

The  Eaay  event  of  the  BUSTER- JANGLE  series  was  also  a  multikiloton  explosion,  and  took  place  on 
5  November  1951  at  0830  local  time  at  an  altitude  of  about  400  m. 

Selected  vertical-incidence  ionograms  taken  during  the  Easy  test  are  shown  in  Figure  5.  Some  of  the 
relevant  true-height-reduction  curves  are  presented  in  Figure  6. 

Analysis  of  the  Easy  ionograms  parallels  exactly  the  analysis  of  the  Dog  event.  The  first  two  iono¬ 
grams  of  Figure  5(a)  wore  taken  before  the  primary  shock  wave  reached  the  ionosphere.  E-reglon  perturbations 
are  seen  on  the  next  two  ionograms.  On  the  remaining  ionograms  of  Figure  5(e)  the  primary  disturbance  is 
observed  in  the  F  region  on  the  ovdinary-ray  trece  only  at  ;6:42  and  +6:50,  and  then  on  both  ordinary-  and 

extraordinary-ray  traces  in  the  remaining  ionograms.  Propagation  upward  of  both  the  primary  and  secondary 

disturbances  is  observed  in  Figure  5(b).  True-height  curves  for  several  ionograms  of  the  Easy  event  are 
shown  in  Figure  6. 

The  frequency  of  the  cusp  caused  by  the  shock  waves  in  the  ordinary  ray  is  compared  with  the  correspond¬ 
ing  frequency  derived  from  the  cusp  in  the  trace  for  extraordinary  ray  in  Table  2.  In  Figure  7  a  comparison 
is  made  of  the  theoretical  ar.d  experimental  positions  of  the  primary  and  secondary  fronts.  The  agreement 
for  the  primary  front  is  not  as  good  as  for  the  Dog  event,  and  there  is  poor  agreement  for  the  secondary 
front.  Parametric  studies  indicate  that  the  discrepancy  between  the  observations  and  the  calculations 
cannot  be  attributed  entirely  to  an  inadequate  knowledge  of  the  temperature  profile  of  the  atmosphere 
above  the  Event  Easy,  cr  to  the  cell  sizes  used  in  the  numericsl  calculations.  Perhaps  the  accuracy 
which  may  be  attributed  to  the  interpretation  of  the  lonosonde  data  should  be  reconsidered. 


Table  2 

COMPARISON  OF  I0N0GRAM  CUSP  FREQUENCY  FROM  ORDINARY  RAY 
WITH  EQUIVALENT  FREQUENCY  DERIVED  FROM  EXTRAORDINARY  RAY  FOR  EASY  EVENT 


Primary 

Disturbance 

Secondary 

Disturbance 

Local 

fo  cusp 

fx  cusp 

2  4 

( f ::  -f xfH) 

?  J 

fo-(fx‘  -fxfH) 

Local 

fo  cusp 

fx  cusp 

2  4 

(fx  -fxfH) 

2  4 

fo-(fx  -fxfH) 

Time 

(MHz) 

(MHz) 

(MHz) 

(MHz) 

Time 

(MHz) 

(MHz) 

(MHz) 

N  (MHz) 

6:57 

3.8 

4.5 

3.72 

+0.08 

7:06 

4.1 

4.8 

4.03 

+0.07 

7:21 

4.6 

5.2 

4.43 

+0.17 

7:36 

5.4 

6.0 

5.24 

+0.16 

7:51 

6.4 

7.1 

6.35 

+0,05 

7:50 

3.3 

4.1 

3.31 

-0.01 

8:05 

3.7 

4.4 

3.62 

+0.08 

8:20 

4.0 

4.8 

4.03 

-0.03 

8:36 

4.4 

4.33 

+0.07 

9:06 

5.6 

5.44 

+0.16 

_ 

9:37 

7.1 

7.8 

7.06 

+0.04 

3.  CONCLUSION 

It  la  concluded  that  numerical  hydrodynamic  calculations  can  provide  a  valid  representation  of  shock¬ 
wave-propagation  at  ionospheric  heights. 
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.Discussions  on  the  papers  presented  in  Session  II 
(Coupling  between  the  ionized  atmosphere  and  tne  neutral  atmosphere  disturbed  by  acoustic  gravity  waves) 


Discussion  on  paper  13  i  "Justification  for  the  use  of  Hines  Asymptotic  relations  for  traveling  ionosphe¬ 
ric  disturbances*  by  CHAHO, 

Dr.  C.H,  LIU  i  Could  you  caeuent  on  the  filtering  affects  of  the  looey  mechanism  T 

Dr.  It.  CHAHO  i  The  technique  described  in  my  paper  neglect!  losses  of  any  kind,  so  I  do  not  feel  that  I 

can  coMent  on  the  filtering  effects  of  losses  at  this  time.  However  the  predominance  of  gravi¬ 

ty  waves  with  20  minute  periods  in  agresment  with  that  predicted  by  my  simple  analysis  would  lead  me  to 
believe  that  the  neglect  of  losses  in  the  current  analysis  it  justified. 

Dr.  J.  KL08TERHEYER  i  The  observational  rasults  givsn  by  lO.ostermeyer  (1969)  far  12/13  February  1961  seem 
to  be  doubtful.  As  has  been  eh  own  by  IQostemeyer  (Humerical  calculation  of  gravity  wave  propagation  in  a 
realistic  thermosphere,  JAW.  19T2,  in  prase),  no  agreement  could  be  found  with  full  wave  solutions  of 
the  hy&rodynsmic  equations. 

Dr.  H.  CHAHO  i  I  agree  with  Dr.  Kloatenseyer 'e  comment*  on  the  12/13  February  event.  I  can  only  add  ihat, 

had  this  event  been  excluded,  the  last  column  in  table  1  would  indicate  that  every  event  considered  bed 

9k  propagation  angle  near  the  aariwvaa  permitted • 

Dr.  K.  DAVIES  i  The  effects  of  neutral  winds  are  crucial  to  the  propagation  of  gravity  waves  because  the 
horisontsl  trace  speed  of  the  wavee  is  comparable  with  the  wind  speed.  While  a  uniform  horizontal, win 
does  not  affect  thi  direction  of  propagation,  it  affects  the  frequences  seen  by  an  observer  moving  with 
th«  mediim.  This  has  the  effect  of  altering  the  effective  Brunt-V*is*la  frequency  as  observed  on  the  ground. 
For  example,  there  is  abundant  evidenca  in  the  literature  that  the  lowest  cut-off  period  t  for  gravity 
waves  isnear  5  min.  For  a  stationary  atmosphere  this  cut-off  would  be  the  Brunt-Vaisale  period  tb  wich  ib 
about  15  min.  in  the  F.  region.  Taking  the  horisontal  speed  Vfa  as  150  m/sec  we  find  that  the  maximum  wind 


speed  U  is  s 


.  — )  »  100  m/sec. 
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Dr.  CHAHO  s  There  is  no  question  that  winds  can  have  a  major  effect  on  the  propagation  of  internal  gravi¬ 
ty  waves  and  indeed  if  F-region  wind  profiles  were  available,  winds  can  easily  be  included  in  ay  analysia. 
However,  provided  that  the  horisontsl  wind,  do  not  exceed  the  horisontal  trace  .peed  (Doppler  eniftedfre- 
auencies  always  ncm-sero  and  positive),  sqr  conclusion  regarding  the  asymptotic  behavior  of  internal  gra- 
vUy  wl^rHiU  Jlin  usLirt  even  If  wind,  are  included.  This  follow,  since  under  the  above  condition 
winds  end  temperature  have  a  similar  effect  on  the  propagation  of  the  gravity  waves.  Hence,  the  e"^i°f 
a  horisontalwind  field  can  be  included  in  a  modified  temperature  profile.  The  new  tmsperature  profile  will 
L£r  ^r«rve.  shown  in  figure  2,  but  the  proximity  of  ♦  to  in  the  thermo.pher.  will  remain. 

Discussion  on  paper  1*>  :  "Full  wave  calculations  of  electron  density  perturbations  caused  by  atmospheric 
gravity  wavee  is  the  Vg  layer"  by  J»  KU5STEPMKYH?, 

J.  TESTUD  s  L.  progris  qu'apporte  is  calcul  de  Kloatenseyer  (sur  1*  interaction  onde  de  gravitfi-ionisation 
knelarfiiw  ?? consirteT^  c.  que  1’euteur  ti.nt  compt.  de  1' influence  en  r^r  de.  ^  L 

1' ionisation  eur  la  propagation  de  l'onde  de  gravit«  qui  loe  a  provoquSes.  Cet  effet  avait  6t«  trfglig*  par 
las  pr(c<dents  auteurs,  Cependant,  dans  sa  coemiunication  Klcstermeyer  n  a  p*«  presente  de  ccmpereieon  en- 
t«  rWtatr^c^cT^Tet  eff.t  e.t  pri.  en  compt e,  et  dee  re.ult.ts  o>)  cet  effet  est  rfglig*  , 
deport  equel'on  sduial  4  appr«cier  1* importance  resile  d.  cet  effet.  Hou.  lui  euggfron.  d'effectuer  une 
telle  comparaieon. 

Dr.  KLOOTEBKETER  :  The  coupling  of  gravity  wave  induce?  ion  density  variations  to  the  w.ve  ** 

determined  by  the  wave  induced  perturbation  of  the  neutral-ion  collision  frequency,  “  roughly 

proportional  to  nil  .  The  effect  of  this  coupling  can  be  estimated  by  comparing  the  ion  drag  term 
v  (u,  -  u.J  being  normally  included  into  the  equation  of  neutral  gas  motion  with  the  term  viJV,~  iii J 
vflicTrmus^ie  lidded  in  the  presence  of  neutral  background  winds.  The  oecond  term  has  the  seme  ordtr  magni¬ 
tude  as  the  first  one  and  may  even  be  larger.  Therefore  it  cannot  be  neglected  if  the  effect  of  ion  drag 
,%all  be  properly  taken  int^  account .  This  is  true  especially  for  waves  with  periods  of  about  1  hour  and 
more,  because  then  ion  drag  is  the  moet  effective  dissipative  process. 

Discussion  on  paper  15  i  "Atmospheric  pressure  vaves  at  Brisbane  and  their  association  with  certain  iono¬ 
spheric  solar  events",  by  0,0,  BOWMAH, 

Dr.  0.  SlILKZ  :  The  example  (Fig.  1)  of  the  record,  of  A0W.  in  Brisbane  ic  much  like  what  we  get  in 
Lb^g  witT«  orroy^of5 microbarographs,  Eepecielly  the  "night  time  -  fine  weather  cases  to  be 

d£ted  AOWs  in  tropospheric  low-level  or  ground  based  ducts  (temperatureinver.ionsj  th.tundersuchcon- 
ditions  nearly  always  are  formed.  I  think  that  the  AQV  effect  (origin  and  propagation)  then  might  be  con¬ 
fined  only  to  the  lowest  atmospheric  layers.  r_ 


<1-: 

Dr.  P.L.  CIBOSGE  oo  bahalf  of  0.  BCNHAS  >  I  would  i|tm  that  the  locally  obasrvsd  AGW  effects  may  be  evi¬ 
dent  largely  in  tha  lover  atmospheric  layer*.  I  would  auggeat  that  Dr.  Bowman  has  presented  considerable 
evidence  for  tha  association  of  local  AflWs  not  associated  with  frontal  activities  with  ionospheric  effects 
«t  react e  locations  in  the  sub-auroral  regions. 

Dr.  C.  WIL80B  s  Was  an  array  of  aicrophones  used  so  that  you  could  be  sure  the  pressure  fluctuations  were 
due  to  propagating  waves  T 

Dr.  P.L.  GEORGE  t  I  think  only  single  aicrophones  wars  used  at  various  latitudes. 

Dr.  K,  DAVIES  :  The  observations  of  Dr,  fiovaan  suggest  that  the  correlation  between  gravity  waves  and 

spread  T  way  ha  the  result  of  ionospheric  heating.  Observations  at  Boulder  show  that  spread  P  is  nearly 
always  produced  by  beating  of  the  T  region  with  a  powerful  transmitter  (SO  megawatts)  on  a  frequency  near 

the  F2  ordinary  wave  critical  frequency  (Utlaut  W.F.  1970,  J.O.R,  Hot,), 


Discussion  on  payer  16  :  "Mediua  scale  travelling  ionospheric  disturbances  attributed  to  unstable  tropo- 
pause  wind*  at  aid  latitude",  by  G.B.  OOE, 

Prof.  R.K.  COOK  t  When  the  jet  stream  blows  over  the  eastern  seaboard  of  the  U.S.A,  it  appears  to  oscillate 
(vertically)  and  generate  acoustic  gravity  waves  having  oscillation  periods  300-600  sec.  These  vavea  are 
observable  at  an  infrasonic  station  having  its  microphones  at  ground  level  f  and  have  a  very  substantial 
pressure  amplitude  of  about  10  K/m2.  May  I  suggest  that  the  jet  stress  oscillation*  sight  radiate  acoustic 
gravity  waves  propagating  upwards  toward  the  ionosphere,  and  that  it  would  be  worthwhile  to  look  for  io¬ 
nospheric  motions  particularly  when  the  jet  stress  blows  in  the  neighborhood  of  the  reflection  area  for 
the  electromagnetic  probing  vavea. 

Dr.  C.  LERFALD  on  behalf  of  G.  30E  :  I  agree  wholeheartedly  with  your  suggestion  that  it  would  ba  worth¬ 
while  to  investigate  the  relationship  between  jet  stream  activity  and  ionospheric  motions,  A  systematic 
study  involving  infrasonic  sensors  and  ionospheric  UP  Doppler  sounders  is  being  started  at  Boulder  and 
hopefully  some  useful  data  will  be  obtained  before  long. 

Ik.  K.  DAVIES  :  1,~  This  subject  of  ionospheric  disturbances  and  weather  is  one  that  deserves  to  be  pur¬ 
sued  and  the  present  paper  is  a  step  in  the  right  direction. 

2,-  In  looking  tor  correlations  between  weather  and  gravity  wave  effects  in  the  ionosphere 
it  should  be  remembered  that  gravity  waves  do  not  travel  vertically.  Thus  one  should  look  at  the  ionosphe¬ 
re  s  distance  of  perhaps  a  1  000  km.  from  the  source, 

Ik.  c.  LERFALD  :  The  propagation  path  by  which  an  AOW  travels  from  the  troposphere  to  ionospheric  heights, 
will  depend  to  a  great  extent  on  the  vertical  wind  profile  it  encounters  at  intervening  heights.  It  is  no 
doubt  possible  that  energy  frets  a  specific  source  point  could  arrive  at  the  ionosphere  as  far  as  1  000  km. 
away  from  the  overhead  point,  but  I  would  think  a  displacement  of  a  few  hundred  kms,  to  be  more  typical. 

The  localization  of  a  plausible  AGW  source  from  tropqpause  wind  maps  also  has  uncertainties  of  the  order 
of  hundreds  of  kilometers  and  the  limitations  imposed  by  having  only  two  maps  available  per  day.  The 
implication  I  meant  to  give  by  saying  that  ionospheric  effects  may  be  localized  is  that  one  might  expect 
them  to  be  largely  caused  by  jet  stream  sources  within  about  500  kn  of  the  ionospheric  measurement  point. 


Discussion  on  paper  17  :  "Generation  of  anomalous  ionospheric  oscillations  by  thunderstorms" ,  by  C.A,  MOO 
and  A. Do  PIERCE.  “ 


Ik.  C.H.  LIU  :  I  shall  siake  a  comment  on  the  idea  of  resonant  wave  interaction.  In  the  acoustic-gravity 
wave  case,  the  conservation  of  u  and  the  real  part  of  T  can  be  satisfied,  but  the  imaginery  part  of  lc 
can  not  satisfy  the  resonant  condition.  Of  course,  your  computation  did  not  really  use  the  wave-wave  in¬ 
teraction  approach. 

Da,  Ch.  MOO  :  The  model  here  presented  is  concerned  with  the  wesk  emission  of  acoustic  wave  by  the  non 
linear  interaction  of  gravity  wave  velocity  fields  confined  to  a  finite  volume.  The  dynamical  theory  of 
wave-wave  interaction  as,  for  example,  presently  employed  in  upper  ocean  wave  theory,  is  not  used.  There 
are  common  ideas,  however,  which  follow  from  the  geometrical  structure  of  the  dispersion  equation. 

Dr.  K.  DAVIES  :  1.-  The  spectra  of  ionospheric  disturbances  generally  contain  two  peaks.  One  peak  has  a 
period  near  b,  6  min  the  other  around  3,  5  min.  The  acoustic  cut-off  period  of  the  tropopause  over 
Oklahoma  during  1969  and  1970  is  b,  6  t  0,1  min.  Any  acceptable  theory  must  explain  these  two  peaks, 

2.-  In  1970  spaced  transmitter  measurements  in  Oklahoma  City  were  used  to  locate  the  sour¬ 
ces,  Good  agreement  was  found  between  the  calculated  m  "iree  positions  and  the  thunderstorm  positions  given 
by  weather  radar  records, 

Ik,  Ch.  MOO  :  Using  the  model  of  generation  we  propose  the  acoustic  wave  frequency  is  the  sub  of  two  gra¬ 
vity  wave  frequencies.  Generally  a  severe  weather  system  has  several  convective  cells  which  might  generate 
internal  waves  with  different  frequencies,  so  that  any  acoustic  vaves  generated  by  interaction  of  gravity 
vave  fields  would  have  multiple  frequencies,  I  think  calculation  of  source  positions,  by  for  example  ray 
tracing,  can  only  give  the  general  effective  Bource  region,  since  usually  ve  have  only  average  ideas  of 
the  temperature  and  wind  profiles,  especially  in  the  mesosphere  and  thermosphere,  to  make  the  calculations. 

Dr.  G,  8TILKE  :  We  hare  several  years  of  continuous  records  of  micropressure  variations  in  Hamburg  with  an 
array  of  microbarographs ,  With  most  thunderstorms  we  get  nearly  sinusoidal  pressure  oscillations  with  pe- 
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riods  of  several  minutes ,  superimposed  on  tha  longer  pressure  change  a. 

A*.  Ch>  MOO  :  We  vould  vary  much  appreciate  receiving  copies  of  tha  microbarogrems  showing  tha  pressure 
oscillations  in  period  range  of  minutes,  In  records  I  have  seen,  these  oscillations  are  frequently  sup¬ 
pressed  by  the  large  pressure  changes  of  frontal  activity. 

Prof.  H.  VOLLAND  i  The  limited  bandwith  of  infTasound  waves  with  periods  between  about  2  and  5  min  obser¬ 
ved  at  F2  layer  heights  can  be  explained  alternatively  by  tha  filtering  effect  of  the  thermosphere,  fil¬ 
tering  out  on  the  one  hand  vertically  propagating  vaves  beyond  tha  acoustic  cut-off  frequency  and  on  the 
other  hand  high  frequency  vaves  due  to  dissipation  effects  according  to  molecular  viscosity,  This  high 
frequency  cut-off  period  is  proportional  to  n/p  where  n  is  the  coefficient  of  viscosity  and  p  the  mean 
pressure.  Therefore  the  period  increases  with  height  and  has  reached  about  2  min  at  F2  layer  heights. 
These  wave  periods  hetveen  2  and  5  min  are  expected  only  in  that  height  range.  (Vollond,  "Attenuation  of 
acoustic-gravity  vaves  within  the  thermosphere"  Forechungsbericht  der  Antroncmischen  Institut  der 
U  niver»  it  It  Bonn,  Nr.  4/69,  Horn,  1969  J 

Dr.  Ch.  MOO  :  A  similar  suggestion  of  filtering  was  also  msde  by  Qaorges  (1968),  However,  since  this  pass 
band  varies  vith  height  in  the  ionosphere,  I  find  it  hard  to  believe  tha.  the  relatively  high  Q  of  the 
ionospheric  oscillations  at  all  HF  radio  reflection  heights  is  due  to  filtering.  The  quaai-raow>chroo*tic 
nature  of  the  oscillations  must  be  characteristic  of  the  source  in  the  troposphere. 


Discussion  on  paper  18  :  "A  phenomenological  investigation  of  amplitude  and  spectra  of  gravity  vaves" 
by  P.J.  sckodsx. 


Dr.  K.  DAVIES  t  The  spectrum  of  gravity  vaves,  as  observed  by  total  content  measurements,  is  affected  by 
the  direction  of  the  ray  path  vith  respect  to  the  magnetic  field.  This  has  been  shown  by  Georges  and  Hooke, 
Would  you  please  comment  on  this  as  it  affects  the  spectra  of  the  Lindau  measurements. 

Dr.  J,  8CH0DEL  :  Computations  show  that  the  measurements  in  Lindau/Harz  are  not  affected. 


General  Discussion 


Dr  ,Ch  .WILSON  :  I  vould  like  to  suggest  that  it  is  important  to  relate  the  observation  of  TID’s  to  spe¬ 
cific  ’auroral  substorms  to  test  the  ideas  of  C.  Hines,  W,  Blumen  and  Chimonas  that  either  Lorentz  force 
or  Joule  heat  loss  in  auroral  electrojets  will  generate  gravity  waves.  If  auroral  data  are  not  available 
then  the  magnetic  index  A£  should  be  used  because  this  is  the  best  magnetic  indication  of  auroral  sub-- 
storm  activity. 

Dr  .J),  NIELSON  :  Regarding  the  coupling  of  the  neutral  and  ionic  gases  during  the  passage  of  a  gravity 
wave,  there  are  quite  definitive  observations  available  from  the  1962  U  S  Iluclear  test  series.  The  data 
are  in  the  form  of  vertical  and  oblique  incidence  iono grams  from  equipment  especially  distributed  for  the 
tests,  A  very  consistent  picture  of  the  effects  on  the  ion  gas  of  the  neutral  wave  emerges  from  these  da¬ 
ta.  wtile  the  published  data  from  these  tests  does  not  adequately  provide  the  detailed  scaling  that  vould 
make  a  test  of  theory  convenient,  any  coupling  theory  or  scaling  relation  must  be  consistent  vith  the  ge¬ 
neral  empirical  picture  as  presented  in  Kef  1  and  2.  That  is  that  equatorvard-directed  vaves  produce  a 
decrease  in  layer  critical  frequency  during  the  first  half  cycle  whereas  poleward  vaves  produce  an  in¬ 
crease.  The  changes  are  at  times  substantial  vith  decreases  as  much  as  a  factor  of  tvo  in  critical  fre¬ 
quency  and  increases  both  north  of  the  buret  and  south  of  the  equator  as  much  as  It  or  5  times,  Thus  the 
wave  effects  are  very  clear  and  offer  observational  data  on  vertical,  geographical,  and  temporal  varia¬ 
tions,  More  on  this  will  be  shown  later. 

Ref.  1  :  Lomax  and  Nielson,  J.A.T.P, ,  vol,  30,  P.F.  1033-1050  (1968), 

Ref.  2  :  Kanellakoe,  AGARD  PROCEEDINGS  N,  33,  "Phase  and  Frequency  Inetabilitiee" ,  p.p,  U39— U53 ,  July  1970, 

Dr,  D.p,  KANELLAKOS:  The  emse  situation  is  met  during  lov-altitude  explosions,  as  during  the  high  alti¬ 
tude  caaes  mentioned  by  Mr.  NIELSON,  A  discussion  for  large  yield  nuclear  explosions  near  the  earth’s  sur¬ 
face  at  the  Pacific  (Johnston  Island)  and  Novaya  Zemlya  is  givsm  in  the  paper  by  D.P,  KaneJlakas, 

("Spatial  and  Temporal  Model  of  the  T1D  from  a  j.ov-altitude  Nuclear  Explosion"  pp,  439- 
452  in  "Phase  and  Frequency  Instabilities  in  Electromagnetic  Waves  Propagation"  AGARD  Conf,  Proc,  N,  43.) 

J.  TE3TUD  :  Je  auis  d’accord  avec  la  suggestion  de  C.  WILSON  pour  coaclure  que  l’activitt  ourorale  est  la 
source  des  ondes  de  gravitt  observes  dans  la  region  F  I  doyenne  .latitude,  il  est  prtftrable  de  faire  dee 
ttudes  dttaill6es  aur  des  observations  spfcifiques,  plutot  que  des  ttudes  statistiques, 

En  France,  on  a  analyst  rl comment  des  observations  mettant  en  jeu  : 

-  le  sondeur  i  diffusion  incohtrente  de  St  Sant  in  Nangay  qui  permet  l’ttude  de  la  structure  verti- 
cale  dee  perturbations , 

-  le  rtseau  our op ten  d’ionosondea,  qui  permet  d’observer  la  propagation  horizontals, 

-  les  donates  de  magnttogrammes  auroraux  provenant  de  nambreuses  stations  sur  le  pourtour  de  Mo¬ 
rale  auroral. 
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Dans  pi.uai.aur*  cm,  on  a  pu  relier  d«a  perturbation*  ionoeph6rique*  da  grande  amplitude  observes# 
pendant  la  jouraSa  i  da*  6vin«»ents  auroraux  ss  produiaant  du  cote  jour. 

Or,  M,  CHAHG  i  I  vould  like  to  consent  on  Or,  Wilson's  suggestion  that  TID  observation*  be  related  to 
■pacific  aubrtona  activity.  In  October  and  Nor ember  of  19 69  Stanford  Research  Inatitute  operated  a  spaced 
transmitter  HF  CW  Doppler  network  near  Homer,  Alaska  for  this  very  purpose.  During  the  6  week  observation 
period  a  variety  of  signatures,  some  apparently  unique  to  high  latitudes,  were  detected,  A  number  of  TID' a 
were  also  detected  including  2  events  which  unlike  mid-latitude  events  were  characterised  by  long  trains 
(3  to  h  hours)  of  regular  fluctuations  of  roughly  20  minute  periods.  These  events  arrived  from  the  north 
and  therefore  may  be  related  to  auroral  activity.  There  were ,  however,  TID's  which  did  not  arrive  from  the 
north  and  therefore  do  not  appear  to  be  auroral  related.  In  general  when  auroral  activity  over  Alaska  was 
high  the  ionosphere  was  highly  disturbed  so,  even  if  TID's  were  launched  from  a  specific  substorm,  we 
could  not  detect  them,  In  spite  of  the  disturbed  ionosphere  over  Alaaka  during  active  period  I  believe 
that  it  is  possible  to  detect  TID's  launched  item  a  specific  substorm  if  different  probing  frequencies 
were  used  (the  Alaskan  system  used  frequencies  of  about  3,0  MHz)  in  addition  to  a  longer  observing  period. 
Independent  of  the  above,  nonever  which  after  all  occurs  over  only  about  30  %  of  the  observing  period,  a 
high  latitude  aito  is  valuable  because  one  can  readily  separate  the  non-aurorel  events  from  those  that 
are  auroral  related,  for  the  letter  s  plot  of  their  arrival  angle  versus  time  of  day  should  yield  a  simi¬ 
lar  fraetioned  relation  as  the  direction  of  ray,  the  midnight  sector  of  the  oval  with  respect  to  the  ob¬ 
server,  While  tbe  seme  could  be  done  at  mid  latitudes  the  advantages  of  the  high  latitude  aites  are  ob¬ 
vious. 

Dr,  J.  LOMAX  :  Dr,  Bowman's  paper  describes  a  significant  correlation  in  tha  occurence  of  gravity  wave* 
observed  at  Brisbane  and  of  spread-F  at  locations  with  high  dip  latitude.  Dr,  Wilson's  paper  describes 
the  generation  of  auroral  infraacnic  shock  waves  by  motions  of  the  auroral  electrojet.  These  two  factors 
recall  to  me  a  paper  that  I  delivered  at  the  AOARD  meeting  in  Copenhagen,  In  that  paper  I  presented  ob¬ 
servations  on  the  onset  time  of  spread  F  in  the  equatorial  region.  On  nights  with  strong  spread-F  activity, 
the  onset  time  appeared  to  be  equal  to  the  acoustic  propagation  time  from  the  termination  of  the  equato¬ 
rial  electrojet  to  the  location  at  which  spreads  onset  was  being  observed.  The  inference  that  I  am  making 
ia  tbat  acoustic  gravity  vavea  may  be  generated  by  both  the  auroral  and  the  equatorial  electrojets,  and 
farther,  that  these  waves  then  act  as  triggers  of  instability  mechanism  that  .  suit  in  the  occurence  of 
spread-F  at  both  high  and  lov  latitudes  respectively. 
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CTUDES  MENUS  A  L'AIDE  U'UN  RADAR  A  MODULATION  Dh  FREQUENCE 
SIJR  LA  CREATION,  PAR  L'ES  ONDES  INTERNES,  D'INSTABILITES  TURHULENTES 
A  L'lNTERIHJR  DE  COUCHES  THERMIQUtMENT  STAPLES, 


:o 


par 

E.E.  Gossard  et  j,U,  Richter 


SOMAIRE 


Un  recent  developpement  dans  I#  dctnaine  du  Bondage  radar,  a  rendu  visible  la  structure 
de  la  troposphere  A  un  degr£  qu'on  n'avait  pas  pr  feed  eminent  approch£,  L'appareil  de  Bondage  par 
radar  eat  un  systAme  modulation  de  fr£quence/onde  entretenue  con;u  et  realist  par  le  Dr,J,H,  RICHTER 
(1969). 


Lea  caractFr  istiques  lea  plus  aarquantes  qui  apparaissent  dans  lea  enregistrements  sont  .’.es 
ondes  de  gravite  internee,  certains  traita  rappelant  lee  structures  d' instability  de  Kelvin/ 
Helmholtz,  et  lea  couches  multiples  prSsentant  frequenrient  dee  stratifications  de  quelques  mitres 
seulement  d'6paisseur,  ot  des  cellules  de  convection  A  l'intgrieur  de  la  couche  marine  (GOSSAIb, 
RICHTER  et  ATLAS,  1970  j  GOSSARD,  JEHSEM  et  RICHTER,  1971). 

On  a  fetis  dee  doutes  considerables  sur  ce  que  le  radar  "voyait"  reellement.  11  eat  evident, 
d'apris  lee  enregistrements,  que  les  images  de  retour  proviennent  des  regions  a  gradient  d'inriie  de 
refraction  £lev£  ;  cependant,  que  l'echo  de  retour  soit  une  r£trodiffUsion  sur  une  zone  mince  d*  tur¬ 
bulence  intense  de  petite  £chelle  ou  bien  qu'il  comprenne  une  r£flexion  coherente  particlle  str  des 
couches  A  fort  gradient  d' indice  de  refraction,  reste  A  determiner. 

Les  auteurs  de  l'expos£  pr£sentent  toute  une  game  de  configurations  structurales  atmoiphe- 
riques,  et  les  comparent  A  plusiours  modiies  hypoth£tiques  de  structures  d 'ondes  internes  pour  t ieux 
comprendre  lea  processus  atmosph£riques  en  action.  Ils  consacrent  une  attention  particuliirc  A  1  1 
repartition  du  Nceihre  de  Richardson  dans  les  ondes  de  gravite  piegees  et  non  pi£g£es,  11s  condu  ct 
que  les  couchea  multiples  proviennent  d'ondes  de  gravite  internes  non  pi£g£es,  dont  le  vectr.ur  du 
propagation  suit  une  direction  presque  verticale  a  l'int6rieur  de  regions  £lev£es  tree  stables,  it 
que  les  couches  aoct  creeos  par  une  instability  de  Keivin/Helmholtz  resultant  d'une  reduction  du 
Hoabre  de  Richardson  sous  l'influence  d'un  accroissement  du  rapport  amplitude/longueur  d'onde  au  fur 
et  A  meeure  que  les  ondes  se  propegent  pour  p£n£t rer  dans  des  regions  eievecs  thermiquement  stab.es 
de  1'atmoaphAre. 
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ABSTRACT 


A  recent  development  in  radar  sounding  has  made  the  detailen  structure  of  the  troposphere  visible  to 
a  degree  previously  not  approachable.  The  radar  sounder  is  an  FM/CW  system  designed  and  built  by 
Dr.  J.  H.  RICHTER  (1969). 

The  most  outstanding  features  evident  in  the  records  are  Internal  gravity  waves,  features  “esembling 
Kelvin/He Lmholtz  instability  structures,  multiple  layering  often  displaying  lamina  only  a  few  meters 
thick,  and  convection  cells  within  the  marine  layer  (GOSSARD,  RICHTSB  and  ATLAS,  1970;  GOSSARD,  JENSEN  and 
RICHTER,  1971). 

Considerable  doubt  has  existed  as  to  Just  what  the  radar  is  "seeing."  It  is  evident  from  the 
records  that  the  returns  come  from  regions  of  large  refractive  index  gradient,  but  whether  the  return  is 
backscatter  from  a  thin  region  of  intense,  small  scale  turbulence  (either  "fossil"  or  mechanical)  or 
whether  it  may  include  coherent  partial  reflection  from  gradient  layers  of  refractive  index  remains  a 
question. 

This  paper  shows  a  variety  of  atmospheric  structural  patterns  and  compare;  them  with  several  hypo¬ 
thetical  models  of  internal  wave  structures  to  obtain  more  ir.sight  into  the  atmospheric  processes  at 
work.  Special  attention  is  given  to  the  distribution  of  Richardson's  Number  in  trapped  and  untrapped 
gravity  waves.  It  is  concluded  that  the  multiple  layers  result  from  untrapped  internal  gravity  waves, 
whose  propagation  vector  is  directed  nearly  vertically  within  very  stable  height  regions.  The  layers  are 
concluded  to  be  caused  by  Kelvin/Helmholtz  instability  resulting  from  reduction  in  Richardson's  Number 
due  to  growth  of  the  amplitude-to-wavelength  ratio  as  the  waves  propagate  into  thermally  BtBble  height 
regions  of  the  atmosphere. 

1.  INTRODUCTION 

Radar  pictures  of  the  structure  of  the  clear  atmosphere  reveal  many  patterns  suggestive  of  some  kind 
of  dynamic  instability.  They  provide  fundamental  new  information  about  the  manner  in  which  turbulence  in 
the  atmosphere  is  created  and  the  role  played  by  thermal  stratification  in  fluid  dynamics. 

Correct  interpretation  of  the  radar  patterns  in  terms  of  atmospheric  motion  and  structure  is  neces¬ 
sary  in  order  to  make  radar  sounding  on  effective  tool  in  weather  forecasting.  The  proper  interpretat ;on 
of  many  patterns  seen,  and  even  the  precise  mechanism  for  reflection  (or  scattering)  of  the  radar  waves, 
remains  in  doubt.  It  is  the  purpose  of  this  paper  to  extend  an  earlier  analysis  (GOSSARD,  JENSEN  and 
RICHTER,  1971 ) (hereafter  referred  to  as  GJR ) ,  to  include  effects  of  finite  amplitude  and  compressibility 
in  the  medium.  In  the  earlier  analysis  GJR  proposed  that  the  mechanism  fur  generating  and  maintaining 
thin  regions  of  intense,  small  scale  turbulence  within  thermally  stable  layers  was  tl  ■  propagating 
upwards  or  downwards  of  untrapped  gravity  waves.  They  analyzed  the  distribution  of  K.chardson's  Number 
through  internal  waves  in  terms  of  wave  structures  seen  by  a  special  high  resolution  radar  sounder 
(RICHTER,  1969). 

Only  the  case  of  infinitesimally  small  amplitude  perturbations  was  considered  by  GJR  in  the  analysis. 
Furthermore,  it  was  pointed  out  that,  tb"  perturbation  wave  equations  are  linear  in  the  variables 

p(z)Ki,  o(z)z'(u,  v,  w)  and  p(z)*^p  but  they  ignored  the  dependence  of  density,  p,  on  height,  z,  when 
computing  the  distribution  of  Richardson's  Number  within  the  wa/e.  Iri  their  notation  u,  v,  w  are  the 
x,  y,  z  components  of  perturbed  velocity,  q  is  amplitude  of  parcel  displacement  and  p  is  pressure 
perturbation.  As  they  stated,  the  neglect  of  the  height  dependence  of  p(z)  ii  permissible  when  the 
inverse  scale  height,  x  =  -p~‘dp/dz  =  g/c! ,  is  negligible  compared  with  the  inverse  vertical  scale,  or 
skin  depth,  of  the  wave  system.  In  other  words,  their  analysis  was  applicable  to  the  usual  wave  systems 
seen  by  the  radar  which  are  confined  to  relatively  thin  height  ranges  in  the  troposphere  in  the  neighbor¬ 
hood  of  temperature  inversions. 

It  is  the  purpose  of  the  present  paper  to  extend  the  eailier  analysis  to  the  case  of  finite  ampli¬ 
tude  and  to  examine  (l)  the  shape  of  the  isotherms  (and  refractive  index  isopleths);  (?)  examine  the 


effect  of  neglecting  the  height  dependence  of  p(z)  when  taking  the  height  dorlvetlven  required  in  the 
calculation  of  wave  P.lchardeon' •  Number. 

Specifically,  the  shape  of  the  xuotherms  corresponding  to  Frame  III  of  Figure  3  In  the  GJR  paper 
la  computed  In  order  to  consider  the  queatlon  of  whether  the  radar  Is  "seeing"  isopleths  of  perturbed 
refractive  index  within  a  height  gradient  or  some  passive  trace  constituent  carried  with  the  displaced 
parcel  (e.g. ,  fossil  turbulence).  Furthermore,  the  Richardson's  Number  within  the  stable  layer  is  re¬ 
calculated  for  a  hypothetical  ce.se  in  which  the  atmospheric  scale  height  is  not  large  compared  with  the 
vertical  scale  of  the  wave  system. 


FINITE  AMPLITUDE  WAVliS 

One  classical  approach  to  finite  amplitude  theory  1b  the  method  of  successive  approximations  in 
which  a  nonlinear  wave  equation  is  made  linear  by  substitution  of  i  lower  order  solution  in  the  nonlinear 
terms  and  solved.  Equations  corresponding  to  successively  higher  order  solutions  result.  The  sum  of  the 
solutions  describes  finite  amplitude  effects  as  long  as  kn  1b  small,  where  k  is  horizontal  component  of 
wave  number  and  n  is  parcel  displacement.  The  lowest  order  of  differential  equation  is  linear  with  the 
usual  small  amplitude  solution.  This  solution  is  introduced  into  the  nonlinear,  next  higher  order 
equation,  etc.  The  method  is  well  described  and  illustrated  by  THORPI  (1968,  page  579).  For  an  incom¬ 
pressible  fluid,  the  method  is  fairly  convenient.  The  most  practical  fora  of  the  wave  equation  is  the 
vorticity  equation  in  the  stream  function  x  *r>d  density,  p.  The  form  of  finite  amplitude  solution  which 
results  from  this  approach  will  be  derived  here  assisting  an  incompressible  fluid  and  a  first  order  wave 
perturbation  of  the  form  Xi  “  (kx+nz-<Tt),  Pjl  *  pQ  cos  (kx  ■»  nz  -  Ot)  for  unbounded  vaveB.  The 

velocity  perturbations,  u,  w  »  3x/<)z,  — 3x/9xt-  The  solution  desired  is  for  the  displacement,  i,  of  the 
surfaces  of  equal  density  in  a  stably  stratified  fluid.  For  infinitesimally  small  amplitude,  the 
solutions  for  both  x  and  n  ate  sinusoidal  in  both  x  and  z. 

The  vorticity  equation  is  (see.  for  example,  THORPE,  1968): 


1-  V*x  >  uf^  V’x  +  w  fr  ?2X  -  jfpf] 


and  the  equation  of  continuity  for  an  incompressible  fluid  ts: 


d£,i£  +  u  l£  +  wM  „0 

dt  3t  u  3x  w  3z  0 


Taking  x  *  “X,  ♦  a\l  *  c.’x,  ... 
and  p  «  P0  ♦  opt  ♦  alp2  +  a’pj  ... 

where  the  power  of  a  is  the  indicator  of  order  of  perturbation,  the  successively  higher  order  solutions 
for  x  and  0  are: 

X,  -  AX(  ir.  .  ..  ■  .  ,  -  «•:> 

X2  =  AXicr.s?(hxtnr-c!) 

X3  =  A^  co;  ().x  ‘  nz  -ot)  +  1)^  co.  3(kx  nz  -  ot) 


pi  “Ax,7ir  cos(kx  +  nt'0,) 

1  *  d2'’o 

P 2  ~i  A vf  I  “I  — — -  cos  2{!tx  *  p 7.  -  ot) 
«  dz^ 


^0/k 


/.  \o  / 


cos  2{kx  +  nz  +  const) 


XBX|  +Xi  +  X3  -- 
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where 


'*2 


1,2 

4  AX] 


d?A)/k\ 

V  w 


4o 


PQ 


d2 


/>0 


dz* 


A  -  -A3  -4- 

*3  8  AX,  pQ 


dz^ 


4^j2(n2  +  k2)-N2 
o2(n2  +  k2)  -  k2N2 


d3P0 
-1/3- 


d4P0 


bx3”  iAx,” 


ar 


^  4(k)2(a2  +  k2)'N2 

9o2(n2  +  k2)  -  k2N2 


It  is  evident  that  all  the  higher  order  perturbation  terms  in  x  are  multiplied  by  higher  order  derivatives 
of  the  unperturbed  density  profile.  Therefore,  if  p  (z)  is  linear  with  height,  or  perhaps  exponential 
with  a  large  scale  depth,  therefore  the  velocity  field)  is  little  affected  by  nonlinearity  in  the 

equations  of  motion. 

Our  main  concern  lies  with  the  displacement  of  the  density  surfaces,  because  the  same  reasoning 
applies  to  the  displacement  of  potential  temperature  and  of  refractive  index  surfaces.  Expanding  the 
the  density  in  a  Taylor's  series  the  displacement,  6,  of  a  surface  of  constant  density  is  determined  by 


p(z  +  6)  =  const 


poUo) 


+  6 


If 


i!a 

9z2 


(t.) 


where 


p(z  )  -  p  !z  )  *  ap  (z  )  +  asp  (z  )  +  ci3p  (z  )  ... 

O  OO  l  O  2°  3° 

6  =  a6  +  az<5  +  a35  . . . 

1  2  } 

Since  the  first  tern  in  the  expansion  of  p(zo)  cancels  Pqzq: 


ap  k  a2p  +  a3p  . . . 

1  -  3 

5(po  +  ap,  + a2Pj  +  a’p,  ...) 
=  -(a6 ,+  az6  ■*•  a36  ...) - r - 

*  2  3  OZ 


SO 


5  j  -  cos  (kx  +  nz  -  at) 


2 

r  ‘‘o  n  CP<:  !  nz  ~  a*' 530  (,r>:  '  n*  • (,!) 


and 


83  =  8^  n^lcoi  (kx  +  nz  -  at)  coi3;kx  +  -  ot)l 

,  8 .  +  £  2  ^  t  /  ;  .A 

— -  *  — — - —  =  ( I  -■  • '  (n8(j)*  )  cos  (kx  +  117  -  ot) 

50  «0  \  8  / 

1  3  q 

-  — n6g  cln  2(kx  +  nz  -  ot)  --  (u£q)j  cos  3(kx  +  nz  •  at> . 

2u0 


<5> 
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plus  tom*  which  arc  products  of  dJp  /d or  higher  order.  Jf  p  (z)  In  exponent,!  u.l,  note  that 

^'t/dz*  -  (NJ/g)^f  f 


where 


n  -n 


.mil 

I-. 


. *?y. 


!  I 

for  sji  lnccnrpreBSible  (fluid  (see  ECKAR’f,  i960).  The  above  approach  to  the  problem  of  nonlinear  effects 
is  laborious  and  the  physics  is  dhaoured  by  the  mechanical  complexity,  so  we  consider ,an  equivalent  but 
conceptually  different  approach. 


Suppose  we  consider  only  equetions  (b)  and  (2). 
continuity  as : 


ip  dPj 


'  1  1 

Equation  (2)  yields  the  perturbation  equation  of 


where'  p  and  v  tie  the  perturbed  values  of  density  and  vertical  velocity  and  p  (z)  is  the  unperturbed 
density  distribution.  Noting  that  w  =  vid/'dt,  where  ri  1b  the  parcel  displacement,  and,  integrating ,  we 
have  _  11  j 

dPi> 

P-/)o-tid7 

so  that  1 


and 


dp  =  ^0  _  at?  ^0  _  ^0  /  o»A  (  ) 

dz  c)z  az.  t’z  dz  l  az / 

1  d^p  _  ^0  /  3?1}\  1  (7) 

dz2  dz  ^  3z2y 


if  dJp0/dz2  is  negligible.  Alpo  the  fluctuations  in  density  at  zQ  for  small  wave  perturbations  are 
described  by  , 

dp0  <!p0 

P(Zq)  -  Prf>o',  ~  t;  - --  «  — -  0q  cos  (kx  +  nz  -  at) 

so  fiat  (6)  gives  1 

no cos.(kx  +  nz,- ol)  =  -i(l  -V(^)  +  •  •  ■  •  1  (8) 

Dividing  by  l/2(32n/9z:)  gives  an  expression  quadratic  to  this  order;  i.,e.. 


Expanding,  using  successive  approximations,  and  assuming  n  =  r)0cos  (kx  +  nz  -  ot ) ,  we  find  1 


J. 

*0 


?  A 

n  >?0 1  to 


cot  (kx  f  nz  -ot)i-~ nt/Qsin  2(kx  +  nz  -  o>) 


•J  , 

-'"(nqQ)^  cos  3(kx  t  nz  -  ot)  .  . .  ,  (10) 
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This  is  the  sane  as  equation  (b)  to  3rd  order,  where  terms  in  d2p0/dz  have  again  been  ignored,  if  it  is 
recognized  that  the  lst^  order  isotherm  displacement,  61(  is  the  same  as  particle  displacement,  n. 

Two  important  conclusions  can  apparently  be  stated: 


A.  To  this  order,  the  shape  of  the  isnpycnals  in  an  incompressible  fluid  are  not  apparently 
affected  by  nonlinearity  in  the  equeHons  of  motion,  but  only  by  nonlinearity  resulting  from  higher  order 
terms  in  the  Taylor  expansion.  Thus,  other  nonlinear  effects  will  be  quite  negligible  compared  with  the 


:<vj 


effect  on  shape.  The  reaaon  nonlinearity  In  the  equations  of  motion  Is  not  very  toportnnt.  can  he  soon 
when  written  in  the  fo,m  of  the  vorttcity  equation,  (l).  The  important  roni  tnear.Hy  1b  in  the  Inertial 
terms,  the  second  and  third  terms  from  the  left.  However,  they  cancel  since 


3  -}  3  i  9x  3  ■(  Cx  d  .  j  .  - 

U (V?x)  +  w-—  (V7x) *  (\,4x)  <v‘x>  •' 0 

<>K  OX  ul.  «A  i)a  W. 


Thus,  the  strewn  function  X  *  Xi  X2  +  X,  . . .  »  Xj  to  third  crdar,  and  departures  from  this  form 
depend  on  second  and  higher  derivatives  of  0o(z)  of  t, ,  i.e.. ,  velocity  '.virturbat  lon-’i  r  emu  In  eesentially 
sinusoidal. 


B.  if  (A)  is  true  lor  an  incompressible  riutd,  it  implies  that  the  Llnoer  form  of  the  solution  for 
the  compressible  case  (for  which  no  comparable  vorticity  equation  can  be  written)  can  be  used  in  the 
Teylcr  expansion  to  achieve  a  valid  description  of  the  potential,  temperature  isotherms  in  a  compressible 
fluid. 

The  linear  form  of  solution  for  displacement  in  a  compressible  fluid  is 

WqU)1'2  a  ViPo^O^2  cos  (k*  +  nz  *  0l)  ^  1  * 


for  atmospheric  layers  in  which  the  coeffl  if.  ents  of  the  differential  equations  are  constant;  i.e., 
(g/9)(d0/dz)  ■  N2  “  constant,  c  •  constant  and  (Spy)"1  dp0/dz  ♦  g/c2  »  T  "  constant.  The  density  ar.d 
displacement  amplitudes  are  pQ1  n0,  respectively,  at  a  reference  level.  6  in  potential  temperature. 


Rewriting  (It)  for  isotherm  displacement 


where  to  1st  order 


ar.d 


.  ,  ,  .  30  1  -)32') 

°0(v0)  -■  °L,\y  +  ^ ->>■  -  - 


dOrj 


30  Dq\  3^0  _  ^0  32j-. 

Hl  dz  \  3z/  Oz2  dz  Oz2 


(12) 


Thus,  for  the  compressible  fluid  case,  an  equation  identical  to  (9)  results,  but  n(z)  and  its  derivatives 
now  include  an  additional  dejjendence  on  z  through  po(z)_1'2  according  to  (ll). 

The  Isotherm  (or  isopycnal)  displacements  for  the  two  cases  of  incompressible  and  compressible 
fluids  are  ahowr.  by  the  black  curves  In  Figures  1  and  2,  respectively.  The  difference  in  shape  is 
indistinguishable  to  the  scale  shown.  The  model  for  the  figures  is  a  three-lpyer  model  in  whien  the 
upper  and  lower  fluidr  have  small  stability  and  extend  to  infinity.  The  value  for  N  1b  ccn.stent  end  the 
same  in  the  upper  and  lower  layers  end  greater  in  the  middle  layer.  This  model  was  discussed  in  detail 
by  GCSSARD,  JENSEN  and  RICHTER  (1971)  and  these  figures  correspond  to  their  frame  III,  figure  3.  The 
eigen  equation  for  this  model,  plotted  in  Figure  3,  is: 

fan  nAh  X 13) 

,  n2-y2 

where  ' 


Note  that  nJ(.  *  iy^  in  a  layer,  k,  in  which  the  waves  are  evanescent. 

The  important  points  to  note  are:  A)  the  wave  troughs  are  sharpened  and  crests  flattened  above  the 

center  of  the  stable  layer.  B)  the  wave  crests  are  sharpened  and  the  troughs  flattened  below  the  center 

of  the  stable  layer'.  C)  at  the  center,  both  crest  and  trough  are  flattened. 

For  purposes  of  illustration,  ar.  amplltude-to- vertical  wavelength  ratio  corresponding  to  nn  =  0.?5 
has  been  assumed  in  the  figures.  This  value  was  chosen  as  not  being  30  large  as  to  make  the  approximate 
methods  used  in  calculating  wave  shape  completely  invalid,  while  being  sufficiently  large  that  the 
changes  in  shape  are  visibly  obvious. 

in  addition  to  the  three  layer  model,  the  case  of  untrepped  waves  was  computed  and  is  shown  in 
Figure  U.  In  contrast  with  the  trapped  waves  in  the  model  above,  the  introduction  of  finite  amplitude  now 
leads  to  an  aseymetry  in  the  wave  shape  that  is  reminiscent  of  some  of  the  waves  seen  by  the  radar  as 
shown  in  Figure  5-  However,  untrapped  waves  should  exhibit  a  phase  shift  with  height  and  such  a  phase 
shift  is  seldom  seen  by  the  radar.  Therefore,  the  resemblance  in  shape  of  the  waves  in  Figure  b  to  the 
assyroetric,  breaking  waves  seen  by  the  radar  should  not  be  interpreted  as  necessarily  providing  the 
correct  physical  explanation  of  the  waves. 
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'Dm  (  scoml  »odv  wa/eu  for  the  three  lnyar  model  vers  *l#o  computed  end  t.hw  leathern  dlupleoewencr 
we  shown  by  the  thin  wavy  line*  .lit  Figure  6.  The  dlvpXnctment  curve*  ill  spiny  «  pet  tern  remlnlairnt  of 
the  figure  eight  or  "cit'e  eye'  pattern*  so  often  t«.*n  by  the  radar  w j  »hown  in  Figure  T.  Once  o^ein, 
thi*  ie  probably  fortuitous  since  the  patterns  seen  by  the  radar  usually  «n  Meociiked  with  a 
breaking  sequence  sad  do  not  seem  to  bo  typically  a  steady  atate  phenomenon 

3.  RICHARDSON'S  NUMBER 

In  addition  to  isotherm  shape,  the  Richardson'*  dumber  atuat  bo  considered  a  very  important  parameter 
in  th»  Interpretation  of  the  radar  records.  The  gradient  Richardson'#  Number  is  defined  as 


and  i»  generally  considered  to  be  an  important  criterion  for  the  onset  of  vavj  instability  ^breaking)  or 
vurbuleuce.  Work  by  TAYLOR  (1931),  MILES  (196.1),  MILES  and  HOWARD  (196U),  and  CHIMONAS  (19?0)  indicate 
that  reduction  of  the  Richardson's  Number  to  less  than  0.2b  la  a  ntteartry  condition  for  the  development 
of  wave  inat, ability. 


OJR  proposed  that  the  prop t get ion  of  unt rapped  gravity  waves  Into  a  height  region  of  large  thermal 
stability  con  reduce  R^  sufficiently  to  cause  the  onset  of  dynamic  instability  at  the  creBts  or  troughs 
of  the  waves,  if  some  shear  already  exists  in  the  propagation  medium.  It  is,  therefore,  argued  that 
many  of  the  thin,  multiple  layers  commonly  seen  by  the  ;rdar  can  be  explained  In  terms  ol'  untrapped 
gravity  waves  propagat' ng  into  a  height  region  of  gt sat  thermal  stability  aa  shown  schematically  in 
Figure  8  As  the  stati^ity  Increases,  tins  wave  vector  tilts  toward  the  vertical  so  that  equiphaae 
surfaces  we  nearly  horizontal.  If  the  vertical  energy  flux  is  constant  with  height,  the  ratio  of  ampli¬ 
tude  to  vertical  wavelength,  nn0,  will  increase,  reducing  the  (numerator  of)  Richardson's  Number  to  a 
level  of  dvnamic  instability  at  some  phase  of  the  wave.  A  record  wl.ich  mnv  be  an  example  of  this 
phenomenon  is  shown  as  Figure  3. 


From  vl2).  It  follows  that  the  numerator  of  ( l1* ) 
placement  n,  as 

jM  3b^/  Jji) 

0  dz  ~0  dr.  y  iij 


can  lie  written  in  terms  of  the  wave  induced  dis- 


(!S) 


la  order  to  derive  the  re  lad  o:.  between  u  and  displacement,  n,  needed  in  the  denominator  we  require  the 
two-dimensional  equation  of  continuity  for  a  compressible  fluid: 


dll  3w 
3x  3z 

and  the  1st  Law  of  Thermodynamics • 


Dp  d'°0  I  /.%  gp\ 
r~  +  w-; —  ‘‘  —  --  -I  w—  | 
Dl  dz  c2yr.  c nj 


(16.) 
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where  D/Dt  is  the  operator  3/3t  V  3/3x;  p,  p,  w,  u  are  the  perturbed  pressure,  density,  vertical 
velocity  and  horizontal  velocity,  and  p0,  p,  c  are  the  unperturbed  density,  pressure  and  sound  velocity. 
V  is  the  unperturbed  horizontal  wind  Bpeed. 

Eliminating  p  and  using  the  hydrostatic  relation  3P/3z  *  _P06*  (15)  becomes 
3u  &w  _R  _  _ }_  Dp 

3x%7\.2V'"~.c21>t  (18) 


where  p  Is  related  to  u  by  the  1st  equation  of  motion,  i.e., 

CucJ_8p 
Dl  P o  3* 

so 
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Taking  the  partial  of  (l8)  with  raapact  to  x  we  get 


For  solutions  of  tho  form  F(z)exp( l(kx  -  at)] 


(21) 


where  C  »  a/k.  If  we  define  (u,  wjp1^  ■  U,  W,  then 


3vvn  -I/2/0W  1  dp0 


3 1  ^0  ^3*  2 pq  3r 

If  we  return  to  (ifl)  we  get  on  aubstltution 
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Equations  (20)  and  (21)  are  equations  U3ed  by  GOSSARD,  RICHTER,  ATLAS  (1970),  and  GJR.  They  do  not 
Include  shear  vithin  the  medium.  Noting  that  w  ■  Drj/Dt  and  ass>mir.g  C2  <  <  c2 


So  that 


(23) 


(24) 


For  untrapped  waves,  a  solution  of  the  form  n  =  r|  cos  (kx  +  nz  -  eft )  may  be  assumed.  For  the  three- 
layer  model  discussed  above. 
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V 2  ^0  cc':  ni 

r)3  c  >!q  cos  (ny-)  txp  I-  r3(z  -  Ah/2)] 


(25) 


where  the  subscripts  1,2,3  apply  to  the  lower,  middle  and  uprer  layers  respectively,  and  where  the 
origin  is  chosen  at  the  middle  layer.  The  Richardson's  Numbers  in  Figures  1  and  2  were  calculated  using 
equations  (2*»)  and  (25)  assuming  [I*i  3/Y1  3  cl2  “  0.25,  noo  -  0.75.  For  Figure  1  was  assumed  that 
«/c2  «  3/3z  and  the  effect  of  the  height ’dependence  in  P0(i)-1'2  on  H  and  its  derivatives  was  ignored 
(incompressibility  assumption).  Figure  U  shows  the  corresponding  patterns  of  Rp  in  imtrapped  waves, 
where  Rp  is  represented  by  sloping  straight  lines;  and  Figure  6  shows  patterns  of  Rp  in  2nd  mode  trapped 
waves  where  Rp  is  shown  by  heavy  lines. 

If  g/cJ  is  negligible  the  numerator  and  denominator  of  ( 2U )  go  to  zero  together  as  nn0  ♦  1.0  at  a 
limiting  Rp  »  0.5.  Further  increase  in  nnQ  leads  to  negative  Rp  which  implies  that  the  wave  can  produce 
super-adiabatic  gradients.  This  is  important  because  it  means  that  the  wave  cannot  reduce  Rp  to  the 
level  of  dynamic  Instability,  i.e.,  Rp  *  0.25,  but  may,  instead,  produce  convective  instability.  For  the 
case  of  untrapped  waves,  this  might  argue  that  layers  of  convective  instability  and  supersdiabatic 
temperature  gradients  as  proposed  by  0RLANSKI  and  BRYAN  (1969)  might  be  observed  instead  of  dynamically 
unstable  lamina  resulting  from  reduced  Rp.  However,  our  balloon  soundings  have  failed  to  detect 


Buporadiabatlc  temperature  gradients  within  temperature  Inver  a  Ion  layers  [RICHTER  and  GOSSARD,  1970),  and 
GJR  pointed  out  that  the  aubetructure  revealed  by  the  radar  within  the  lamina  resembles  the  Kelvin/ 
Helmholtt  inatabilitle*  seen  at  larger  scales  and  commonly  attributed  to  (dynamic  instability.  When  any 
background  shear  In  the  medium  is  included,  it  is  found  that  the  limiting  Rj  ■  0.5  no  longer  applies  and 
Hj  decreaabs  smoothly  to  Rj  *  0.25  as  nn0  increases.  We  therefore  propose  that  dynamic  instability  in 
untrapped  wave  systems,  imbedded  in  a  medium  with  some  shear ,  is  responsible  for  the  creation  of  the 
thin  layers  of  turbulent  instability  seen  by  the  radar  within  temperature  inversions. 
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Fig.l  Plot  of  Rj  (white  curves)  and  wave  shape  (black  curves)  through  a  three-layer  model  wave  system.  Waves 
evanescent  above  and  below  a  stable  layer  in  which  ratio  of  amplitude  to  vertical  wavelength 
is  0.75/2rr  (i.e.,  nr?0  =  0.75).  It  is  assumed  that  N2/N,  }  ~  5.5,  n^h/2  =  0.375  and  N,  3  k/wn  =  0.5 
(see  text).  Terms  in  g/c  assumed  negligible  compared  with  n  (i.e.,  incompressibP'ty  condition  in 
which  plane  wave  solution  assumed  for  i)).  No  shear. 


2*G 


Fig.,  (onditns  mt  as  those  of  Figure  1  except  plane  wave  solution  assumed  for  rjp0(z)l,,J  where  p0~'dp(,/dz 
-  g  1  and  it  is  assumed  that  g/cJ/2n  =  0.1.  Note  that  this  inclusion  of  compressibility  makes 
vii  iiafK'  no  difference  in  wave  shape  and  little  difference  in  R.  even  for  the  extreme  condition  assumed. 
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Fig. 7  Example  of  record  showing  “cat’s  eye”  pattern  similar  to  wave  shape  of  Figure  6. 


Fig  8  Schematic  illustration  of  reduction  in  due  to  uritrapped  wave  propagating  into  stable  region  of  atmosphere 
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Fig.9  Example  of  record  showing  wavelike  structures  which  illustrate  regions  of  reduced  Rj  propagating  in  the 
vertical  (as  well  as  horizontal)  direction  with  untrapped  gravity  waves. 
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DETECTION  ET  E1UEE  D'OfCES  DE  ®AVITE  A  L'AIDE  Dfc  RADARS  MICRO-ONDES 


par 


I,  Katz 


SOMAIRE 


L'emploi  de  radar*  ultrt-sensibles  a  permit  de  ’Voir"  la  structure  et  let  mouvonenti  dr 
1'atmoBpnere  d'une  fagon  qui  St ait  autrefois  impossible.  Ces  radars  ont ,  entre  autres  ,  dStectS 
la  prSsenco  d'ondes  de  g*  w'ti  i.  la  tropopause.  B&  outre,  nous  avons  ru,  A  travers  toute  la  tro- 
powphdre,  de  noeibreux  exeu  .«  de  ph6nomdnes  d'ondes  invar iablement  li6s  i  des  couches  stables. 

On  a  obtenu  des  preuves  experiment  ales  qui  moi-trent  de  fagon  incontestable  que  la  diffu¬ 
sion  de  Brace  «»t  la  cause  eaaentielle  du  phSncodne  de  diffusion  eJ ectrcmagn£tique,  On  a  dScouvert 
que  1'intensitS  de  signal  des  Schos  radar  fctait  une  fonction  linSaire  de  la  denaitS  spectrale 
(i  une  deaii  longueur  d'onde  radar)  dea  fluctuations  dc  l'indice  de  refraction  dans  l'atmosphir 

Une  Stude  portant  sur  26  cas  d'ondes  de  gravity  dSvectSes  au  cours  d'autres  recherches, 
a  permis  de  caractSriser  ces  ondes,  a  titre  d'essai,  en  fonction  de  leurs  dimensions,  de  lours 
formes,  dc  leur  persistence  et  des  conditions  dans  lesquelles  ellet  apparaissent.  On  esp£re  que 
cette  caract£risation  servira  de  base  &  une  6t-ide  exp£rimen  lale  plus  complete  dea  ondes  de  gravity 
a  l'aide  de  d£tecteurs  radar. 
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The  Oetectlor,  and  Study  of  Gravity  Waves  With  MArowtvr  Radar 
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1 .  Abstract 

The  use  of  ultra-sensitive  radars  has  resulted  in  a  new  ability  to  "see'1  structure  ana  motion  of  the 
atmosphere  not  possible  before.  Among  cthsr  things  these  radars  detected  gravity  wa1  ss  at  the  tropopause. 

In  addition,  we  have  seen  many  examples  of  wave  phenomena  throughout  the  trotxrsphere  Invariably  associated 
with  stable  layers. 

Experimental  proof  has  been  obtained  which  shows  incontrovertible  evidence  t.iat  Bragg  scattering  Is 
the  prhie  cause  of  the  electromagnetic  scattering  phenomenon.  The  signa'  strength  of  the  radar  echoes 
was  found  to  he  a  linear  function  of  the  spectral  density  (at  one-halt  the  radar  wave  length)  of 
-efr  ctlve  index  fluctuations  in  tho  atmosphere. 

A  review  of  26  gravity  wave  cases  which  were  detected  during  the ‘course  of  other  investigations  permits 
a  tentative  characterization  of  these  waves  in  term,;,  of  sizes,  shapes,  persistence  and  conditions  under 
which  they  occur.  It  is  hoped  that  this  chcricterizatian  will  provide  a  basis  for  a  more  complete 
experimental  investigation  of  gravity  waves  with  radar  sensors. 

2 .  Introduction 

Radar  has  been  used  to  detect  discrete  objects  such  as  ai:  craft  and  r;rds  and  also  has  been  effective 
<n  the  study  of  precipitation.  More  recently  hion-pou'r  microwave  radars,  equipped  with  large  antennas, 
have  been  used  In  the  study  of  clear-air  atmospheric  phenomena.  These  ul tra-sensi tive  radars,  now  in 
use  for  about  f>  years,  are  capable  of  detecting  the  structure  of  convective  cells,  stable  layers  and 
waves,  all  in  optically  clear  air.  Convective  activity  in  clear  air  is  generally  limited  to  the  lowest 
2003  in  of  the  atmosphere.  Layers,  on  tne  other  hand,  have  been  found  to  occur  from  near  the  surface  up 
to  tne  highest  ciear-jir  detection  altitudes,  say  15  Vtr, .  These  layers  frequently  exhibit  gravity  Wave 
characteristics  and  it  Is  these  waves  which  comprise  the  subject  of  the  present  paper,  do  experiments 
have  been  directed  p'imirily  toward  a  study  of  gravity  waves  using  radar,  but  in  the  course  of  carrying 
out  other  programs  many  cases  of  gravity  waves  have  been  encountered.  In  this  paper  we  describe  the 
characteristics  of  fhese  gravity  waves. 

3.  Bragg  Scattering 

Scattering  of  electromagnetic  waves  by  turbulent  media  has  been  the  subject  of  many  scientific 
studies;  for  examp’e:  Booker  and  Gordon  (1950),  Batchelor  (1955),  Tetarski  (1961).  These  theories, 
although  different  in  detai  l,  relate  tho  scattei  ing  to  fluctuations  in  the  refractive’  index  of  the 
atmosphere.  One  finds  from  theory  the  following  relationship  between  the  normalized  radar  scattering 
cross  section  ,  n,  in  m2  per  rr, 3 ,  and  the  energy  in  the  index  fluctuations  F  (k  )  at  tne  radian  wave 
number,  kr,  corresponding  to  one-half  the  radar  wavelength,  n  r 

n  -  0  65  k£  Fn(kr)  (1) 

where  kr  =  4iAr-  This  equation  says  that  electromagnetic  energy  incident  on  a  turbulent  Medium  is 
strongly  affected  by  those  i rregulaH ties  or  eddies  in  the  medium  whose  size  is  about  one-half  the  radio 
frequency  carrier  wavelength.  These  eddies  contribute  mainly  to  the  scatter  because  onlv  these  sizes 
can  provide  the  phase  additions  which  produce  a  strong  signal  in  the  backscatter  direction.  This  is 
essentially  the  Bragg  condition  for  constructive  interference  from  a  grating. 

Experiments  have  been  performed  which  provide  quantitative  verification  of  the  applicability  of 
Eq.  (1).  The  experiments  carried  out  at  Wallops  Island,  Va.,  involve  radar  Hacking  of  a  meteorological  ly 
equipped  airplane,  making  simultaneous  radar  measuremerls  and  meteorological  measurements.  The  radar 
tracks  the  airplane  with  one  gate  and,  by  linking  a  ,ecor.J  gate  to  the  first,  measures  signal  returned 
f, om  the  clear  atmosphere  from  a  region  of  space  just  ahead  of  the  incoming  airplane.  Ibis  technique 
provided  a  radar  measurement  from  the  atmosphere  and  an  in-situ  ref lactometer  measuiemen  from  identical 
regions  within  about  10  seconds.  Adjustment  tor  the  IG-second  lag  permitted  a  direct  comparison  between 
radar  cress  section  and  the  appropriate  portion  of  the  refractivity  spectrum.  Fig.  1  shows  a  comparison 
of  n  versus  F  (k)  .  From  these  results  one  can  conclude  that  Eq.  (1)  is  essentially  correct  and  that 
Bragg  scattering  is  aoplicable  to  the  optically  clear  atmosphere  because  these  small  irregularities  in 
refractive  index  are  quite  often  present  in  the  atmosphere  and  aic  of  sufficient  intensity  for  detection 
on  ultra-sensitive  rauars,  they  act  as  markers  which  move  with  the  wind  and  can  be  used  to  determine 
atmospheric  structure  and  motions 

4 •  Layers ,  Waves  and  Turbulence 

Strata  in  the  atmosphere  are  corrmcnly  detected  with  ultra-sensitive  radars,  especially  at  the  lower 
atmospheric  levels.  In  Hg.  2  Is  a  photograph  of  a  Range-Height  radar  ’ndicator  (Rill)  showing  at.  least 
10  stratified  layers  below  6  km.  This  photograph  snows  height  versus  range  at  a  fixed  antenna  azimuth. 

Layers  like  these  nay  be  as  thick  as  1  km  or  as  thin  as  1  to  10  m.  Such  layers  have  been  the  subject  of 

much  discussion  in  attempts  to  explaii  tKe  mechanism  for  radar  detection.  Ottersten  (1970)  theoi.zes 

that  these  layers  are  stable  which  allows  vertical  wind  shear  to  develop.  As  the  shear  increases,  small- 
scale  instabilities  occur  causing  turbulence  in  thin  layers.  If  this  turbulence  is  insufficient  to  erode 
the  shear,  progressively  larger  instabilities  break  cut.  and  one  finds  larger-scale  turbulence.  Per, ups 
the  stable  layers  are  tilted  by  fronts,  or  waves  which  increases  fhe  shear  even  more  and  turbulence  will 

occur  over  large  vertical  extents.  If  the  above  mechanism  is  correct  then  Ottersten  has  provided  the 

explanation  for  the  ridar  detection  of  the  stable  stratified  layers. 
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Vh<t  mechanism.  than,  results  in  the  capability  with  ultra-sensitive  radars  to  observe  the 
formation  of  straff  led  atmospheric  layers  and  their  development  into  waves  If  conditions  are 
appropriate. 

Hi  the  higher  altitudes  radar  layers  have  almost  Invariably  been  found  to  be  associated  with 
turbi lence.  Experiments  have  been  carried  out  at  Wallops  Island  during  the  winter  months  in  which 
aircraft  have  been  flown  into  regions  cdntaining  radar  layers  to  determine  the  relationship  between 
radar  layers  and  the  occurrence  of  turbulence.  To  date,  a  high  correlation  exists  between  them.  Most 
high  altitude  layers  are  found  to  be  turbulent;  Glover  and  Duquette  (1970). 

5.  Wave  Characteristics 

The  preserf  stage  is  a  rather  early  one  with  respect  to  understanding  wave  phenomena  in  the 
atmosphere.  Since  radar  is  yielding  experimental  evidence  of  wave  formations  it  may  be  fruitful  to 
describe  the  various  foims  these  waves  take  and  the  conditions  under  which  they  occur.  The  following 
examples  and  discussion  comes  from  considering  a  group  of  26  occurrences  of  waves  from  May  !96£  to 
August  1970  at  Wallops  Island.  They  are  by  no  means  all  the  wave  formations  seen  with  these  radars 
but  they  are  probably  at  least  representative  of  all  those  which  did  occur.  It  is  hoped  that  describing 
the  wave  characteristics  even  at  this  early  stage  will  lead  to  more  definitive  experiments  to  shed  light 
O'  these  atmospheric  gravity  waves. 

A.  Waves  Form  Along  Horizontal  Interfaces 

Although  waves  can  propagate  horizontally  or  vertically,  radat  has  $hown  waves  only  along 
horizontal  interfaces.  Most  radar  detection  of  gravity  waves  at  Wallops  Island  nave  been'  made  in  clear 
air.  The  signal  strength  from  tnese  waves  are  weak  and  are  mostly  limited  to  within  a  radius  of  40  km. 
The  layers,  the  waves  and  tie  breaking  waves  which  occur  are  horizontal  and  are  almost  invariably 
associated  with  stable  layers  and  with  vertical  wind  shear.  Fig.  .1  is  a  good  example  of  a  horizontal 
wave  structure  which  formed  at  an  altitude  of  about  3.6  km  to  the  north  of  Wallops  Island.  Tills  wave 
formation  lasted  for  over  105  minutes  and  could  be  seen  on  many  RHI  photographs  over  an  azimuth  range 
of  about  25  cegrees.  Outside  this  azimuth  range  a  radar  layer  was  seen  but  there  was  no  associated 
wave  structure  Other  layers  and  coherent  targets,  (birds)  may  also  be  seen  in  this  figure. 

B.  Wave  Shape 

Some  waves  are  sinusoidal.  However,  most  of  the  wavy  layers  detected  with  radar  have  a 
"braided"  appearance  as  illustrated  in  Fig.  4.  Braided  waves  were  interpreted  by  Hicks  and  Angell 
(1968),  to  be  breaking  gravity  waves.  Other  mechanisms  were  proposed  tp  explain  the  braided  appearance 
but  none  provided  a  more  satisfactory  explanation  than  that  of  breaking  waves.  In  addition,  there  arc 
available  optical  photographs  of  clouds  which  are  almost  identical  with  the  radar  photographs,  Colson 
(1954).  It  must  be  concluded  that  breaking  waves  remain  the  most  plausible  explanation  for  the  radar- 
detected  wave  shapes. 

Waves  sometimes  take  on  the  appearance  of  a  wave  train.  A  good  illustration  of  such  a  formation 
is  shown  in  Fig.  5.  In  this  figure  one  can  see  six  stages  of  the  wuve  within  a  period  of  12  minutes. 

The  radar  antenna  was  pointed  toward  the  west;  the  wind,  and  probably  also  the  waves  at  1.1  km  altitude, 
were  coming  toward  the  radar  from  the  west. 

C .  Altitude  and  Wavelength  of  Gravity  Waves 

Waves  occur  at  all  altitudes  up  to  the  maximum  radar  detection  altitudes  with  no  preferred 
altitude  being  apparent.  A  listing  of  the  waves,  their  altituoes,  wavelengths  and  amplitudes  are 
given  in  Table  1.  From  this  table  one  can  see  the  wavelengths  lie  between  0.6  and  3.4  km  with  a  mean 
of  1 . 7  km.  Amplitudes  vary  between  0.2  to  1.5  km,  with  a  mean  of  0.5  km.  The  waves  on 
17  January  1969  are  not  included  in  the  averages  since  the  wave  structure  was  uncommonly  large, 

Deed  and  Hardy  (1972);  this  case  will  be  aisejssed  again  below. 

TABLE  1 


No. 

Date 

A1 tl tude 
km 

Wavelength 

km 

Arnpl  i  tude 
km 

No. 

Date 

A1  ti  tude 
km 

Wavelength 

km 

Amp  1 i tude 
kin 

1 

1 

5-10-66 

3.2 

1.4 

0.3 

14 

1-20-67 

11.0 

1.7 

0.6 

2 

5-12-56 

3.5 

1.9 

0.4 

15 

5-16-68 

3.5 

1.1 

0.3 

3 

5-13-66 

4.6 

1.8 

0.3 

16 

11-19-68 

6.1 

T.2 

0.5 

4 

5-20-66 

3.7 

2.0 

0.6 

17 

11-22-68 

1.5 

3.4 

0.8 

5 

5-24-66 

7.3 

1.3 

0.5 

13 

12-20-68 

0.8 

2.2 

0.6 

6 

5-26-66 

3.1 

1.5 

— 

19 

12-20-68 

2.1 

2.2 

0.6 

7 

5-26-66 

3.4 

0.9 

0.4 

20 

1-24-69 

1.1 

1 .! 

0.4 

8 

5-31-66 

4.3 

1.4 

0.2 

21 

1-24-69 

:  5.0 

3.3 

1.5 

9 

6-1-66 

3.5 

2.2 

0.3 

25 

4-13-70 

1.4 

0.6 

0.2 

10 

6-2-66 

0.6 

2.0 

0.4 

26 

8-24-70 

2.5 

1.3 

0.2 

11 

6-2-66 

1.4 

1.4 

0.3 

Mean 

1.7 

0.5 

12 

6-10-66 

5.3. 

1.4 

0.2 

<.2 

3-17-69 

8.5 

15-30 

2.0 

13 

12-28-66 

12.2 

-- 

0  6 

23 

3-17-69 

8.5 

1.6 

1.0 

24 

3-17-69 

7.6  • 

5.0 

— 

o>-  t- 

f*  I  c  J 
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D.  Multi  -  layering 

Wives  sometimes  appear  simultaneously  at  different  altitudes  and  apparently  unrelated  to  pach 
other.  Fig.  6  Is  an  example  of  a  situation  In  which  there  are  four  distinct  layt's  with  waves  In  each 
layer.  A  sequence  of  RHI  photographs  over  a  15  minute  period  showed  the  layers  were  somewhat  transient 
with  the  layers  .55  to  1.1  km  and  1.9  to  2.4  km  being  the  more  persistent  and  Intense.  The  waves  at 
one  level  were  seen  to  have  little  or  no  relationship  with  the  waves  at  any  other  level.  This  observation 
suggests  that  the  waves  develop  independently  at  the  different  altitudes  and  proceed  with  little  or  no 
coupling  between  the  layers. 

L .  Wave  Directions 

Wave  directions  are  difficult  to  obtain  from  th?  radar  measurements  discussed  here.  Most  radar 
detections  of  waves  were  made  in  the  course  of  Investigating  other  phenomena.  Thus  one  has,  in  general, 
only  one  PHI  wedge  through  the  atmosphere  and  with  this  a  unique  direction  <s  not  obtainable;  measure¬ 
ments  over  a  significant  azimuth  range  are  necessary.  In  the  one  case  In  which  many  RHI  slices  were 
made  within  a  25  degree  azimuth  range,  the  breaking  waves  were  found  to  be  aligned  with  the  wind  shear. 

In  the  study  of  other  wave  directions,  necessarily  coarse,  there  seems  to  be  a  tendency  toward  alignment 
with  the  shear  vector, but  to  date  a  definitive  statement  In  this  regard  is  as  yet  not  possible. 

The  Reed  and  Hardy  obsetvation  of  a  large  amplitude  wave  was  also  one  in  which  waves  from 
different  directions  were  found  to  coexist.  It  is  relatively  conmon  to  observe  (optically)  wave 
structures  1r  cirrus  aligned  In  different  directions.  In  fact,  one  of  the  wave  structures  in  the 
Reed  and  Hardy  paper  was  so  irregular,  Fig.  7,  that  one  would  need  a  Fou>  ier  analysis  to  resolve  its 
spectral  content.  As  yet  no  spectra  have  been  extracted  from  radar  measurements  on  waves.  Some  doppler 
spectra  have  been  obtained  in  a  deformation  field  containing  a  wave  structure  by  Dobson  and  Meyer  (1972) 
but  the  shortness  of  the  sampled  record  precludes  extracting  a  spectrum  on  the  longer  period  waves. 

F.  Acoustic  or  Acoustlc-Gravi ty  Waves 

A  few  attempts  have  been  made  to  measure  the  phase  speed  of  the  waves  with  the  conclusion  that 
they  travel  with  the  wind.  From  this  it  Is  apparent  that  at  least  some  of  the  v adar-detected  waves 
discussed  In  this  paper  are  either  stationary  or  move  slowly  with  respect  to  the  mean  fluid  motion.  If 
the  waves  did  indeed  move  with  acoustic  speeds,  l.e. ,  about  2  x  10“  cm  par  sec,  such  .notior  relative  to 
the  wind  would  be  readily  detectlble.  Since  their  motion  is  slow  with  respect  to  the  wind,  it  will 
require  a  simultaneous  accurate  measurement  of  the  wind  and  the  wave  phase  velocity.  The  most  promising 
technique  for  this  purpose"  ! involves  doppler. 

G.  Seasonal  Occurrence  of  Waves 

At  the  lower  altitudes,  say  up  to  5  km,  layers  and  waves  occur  during  all  seasons  at  Wallops 
Island.  Moisture  gradients  contribute  strongly  to  tl.e  radar  backscattering;  hence,  the  result  that 
one  finds  many  more  strongly  reflecting  regions  at  the  lower  altitudes.  Also,  It  is  likely  that  layers 
and  waves  are  more  predominant  during  the  summer  although  r.o  definitive  statistics  are  available  in  this 
regard. 


At  the  altl tndes  above  about  8  km,  layers  and  waves  are  detected  at  Wallops  Island  only  during 
the  winter  season  when  the  tropopause  is  low  a.'d  also  when  the  jet  stream  is  overhead. 

H.  large  Amplitude  and  Long  Wavelength  Wave 

The  Reed  and  Hardy  (1972)  case  is  noteworthy  because  of  Its  obvious  difference  from  the  other 
waves.  The  large  amplitude,  2  km,  long  wavelength,  15  to  30  km,  wave  had  only  a  portion  of  one  cycle 
visible.  This  is  shown  in  fig.  5.  Their  analysis  showed  the  wave  occurred  witi.in  a  frontal  zone  whose 
width  was  also  2  km.  This  outstandingly  large  wave.  In  which  the  Richardson  number  was  less  than  the 
critical  value  of  0.25, contained  moderate  to  severe  turbulence.  Cirrus  clouds  above  the  clear  air  gravity 
waves  also  showed  the  wave  structure  as  may  be  seen  in  Fig.  9.  It  is  interesting  to  note  that  here  too 
the  two  long  wavelength  waves,  one  in  clear  air,  the  other  in  cirrus,  are  not  in  phase  with  each  other. 

It  would  be  instructive  to  postulate  a  mechanism  for  suen  large  internal  waves  relatively  close  in 
altitude  but  yet:  unrelated. 

6.  High  Resolution  R„dar  Measurements 

The  previous  sections  In  this  paper  have  dealt  with  wave  structures  as  seen  with  radars  whose 
spatial  resolution  was  of  the  order  of  100  m.  Recently  a  high  resolution  radar  system  was  developed  by 
Richter  (1989)  which  has  yielded  a  wealth  of  Information  on  the  fine  detail  of  waves  within  the  lowest 
km  of  the  atmosphere. 

Recordings  from  that  radar  system  Indicate  that  gravity  waves  are  always  present  whenever  significant 
stability  exists,  Gossard,,  et.al.  (1970).  Wave  periods  between  7  and  20  minutes  are  frequently  observed. 
Calculations  of  wave  speed  using  the  measured  perturbations  of  surface  pressure  and  wind  yield  values  of 
wave  periods  which  check  the  periods  observed  with  radar.  The  ratios  of  the  wave  frequency  to  the 
Brunt-Vai saU  frequency  were  less  than  unity.  It  Is  concluded  these  waves  represent  the  fundamental  mode 
of  oscillation  of  gravity  waves  for  a  stable  utmospbe :*e.  Phase  speeds  were  much  greater  tnan  the  local 
wind  speeds.  (The  measurements  at  Wallops  Island  seem  to  differ  from  these  reports). 


:i~* 


The  high  resolution  of  the  Richter  radar  yields  remarkably  clear  pictures  of  breaking  gravity  waves 
and  helps  shed  light  on  the  generation  of  turbulence.  In  Fig.  10  is  reproduced  an  example  from  that 
radar  of  a  portion  of  a  wave  train  Increasing  in  amplitude  with  time, obviously  breaking.  An  Important 
feature  of  this  photograph  lies  in  the  fact  that  the  structure  was  visible  to  the  radar  before  breaking 
occurred.  This  implies  turbulence  at  a  smaller  scale  existed  prior  to  the  formation  of  the  gravl ty  wave. 
This  is  in  keeping  with  the  theory  of  Ottersten  (1970)  discussed  earlier. 

7.  Conclusions 

As  a  result  of  the  radar  observations  at  Wallops  Island  and  elsewhere  one  can  characterize  gravity 
waves,  some  of  these  quite  tentative  at  present,  as  they  occur  In  the  troposphere: 

(1)  Waves  are  a  common  occurrence  In  the  troposphere, 

(2)  They  form  on  horizontal  stable  layers, 

(3)  They  are  acoustic-gravity  waves, 

(4)  They  ate  transient  or  they  may  last  up  to  several  hours, 

(5)  They  may  be  sinusoidal  in  shape  and  appear  as  wave  train: , 

(6)  They  frequently  become  breaking  waves, 

(7)  They  appear  at  all  altitudes  up  to  ihe  tropopause, 

(8)  They  have  a  mean  wavelength  of  1.7  km  and  range  between  0.6  and  3.4  km;  (some  are  much  larger), 

(9)  They  have  amplitudes  between  0.2  and  1.5  km  with  a  mean  of  0.5  km, 

(10)  They  are  multi-layered,  sometimes  as  many  as  four  waves  appear  at  different  closely  spaced 

altitudes,  each  with  phases  and  perhaps  directions  independent  of  the  other, 

(11)  They  tend  to  be  aligned  with  the  shear  vector, 

(12)  waves  from  different  directions  can  coexist  at  the  same  altitude, 

(13)  They  occur  during  all  seasons. 

Much  excellent  theoretical  work  has  been  done  on  the  subject  of  gravity  waves.  However,  the  experi¬ 
mental  results  described  in  this  paper  and  sumnari zed  above  suggest  a  complex  system  of  wave  structures 
and  motions  whose  ultimate  description  will  probably  require  a  3-dimensional  spectrum  similar  to  that  in 
use  at  present  to  describe  the  ocean  surface. 

It  is  hoped  that  the  characterization  of  the  waves  presented  here,  although  based  on  a  relatively 
small  number  of  cases,  will  lead  to  future  experiments  with  high  resolution  radars  and,  hopefully,  in- 
situ  probes  which  will  improve  our  total  understanding  of  the  dynamics  of  the  atmosphere. 
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Fig.3  Horizontal  wave  structure  at  3.5  km  to  the  north  of  Wallops  Island,  16  May  68.  This  wave  extended  over  a 

25  degree  azimuthal  range  and  lasted  over  105  minutes. 
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Fig. 4  Braided  wave  structure  at  5  km  on  24  Jan.  69.  Braided  appearance  is  interpreted  as  breaking  gravity  wave. 
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Fig.5  Six  stages  of  a  wave  in  a  wave  train  formation,  24  Jan.  69.  Waves  are  probably  traveling  toward  the  radar 

from  the  west  and  lasted  about  12  minutes. 
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Fig. 6  Waves  occurring  at  different  altitudes  simultaneously  wilh  little  or  no  apparent  coupling  between  the  layers. 

Tlie  layer  at  about  8  km  is  cirrus  cloud. 
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Fig. 7  Complex  wave  structure  at  7.5  km,  possibly  resulting  from  waves  arriving  from  different  directions. 
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On  peut  dStecter  avec  succes  dea  onaes  acoustiques  et  de  gravite  dans  la  region  D  de 
l'ionosphere,  raalgre  lea  difficult^  bien  connues  liges  a  1' interpretation  dec  donnees  de  cette 
region.  Cetto  possibility  eat  d'abord  demontrSe  thgoriquement ,  puis  confirmee  par  une  analyse 
attentive  des  donnees  TBF  et  dea  donnees  d' interraodulation  portent  sur  la  tone  situee  entre  50 
et  TO  km  d'altitude.  Lea  limitea  relatives  a  l'aaplituae,  a  la  frequence  et  a  la  longueur  d'on- 
de  des  ondes  acouatiquea  et  de  gravite  ausceptibles  d'etre  dgtectees  a  ces  niveaux  sont  brieve- 
ment  examinees. 
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OBSERVATIONS  QF  GRAVITY  WAVES  IN  THE  HEIGHT  RANGE 
SO  -  70  KM. 

G.E.PERONA 

Istituto  di  Elettronica  s  Telecomunlcazioni 
Palitecnico  di  Torino,  Italy 


SUMMARY 

Acoustic-gravity  waves  can  successfully  be  detected  In  the  D  region  of  the  ionosphere  in  spite  of  all 
the  well-known  difficulties  that  characterize  the  interpretation  of  the  data  concerning  that  region. This 
possibility  is  demonstrated  from  a  theoretic  point  of  view  and  is  successively  confirmed  by  a  careful 
analysis  of  VLF  data  and  cross-modulation  data,  related  to  the  50-70  Km  range.  The  limits  on  the  ampli¬ 
tude,  frequency  and  wavelength  of  acoustic-gravity  wave  a  that  may  be  detected  at  these  levels,  are 
outlined. 

1 .  INTRODUCTION 

At  present  ,  no  measurement  techniques  are  available  for  continuously  monitoring  the  atmospheric 
parameters  in  the  height  range  50-70  Km.  Specifically,  balloons  are  efficient  up  to  30  Km  only;  rockets 
are  a  source  of  great  local  perturbations.  Besides,  measurements  with  rockets  and  balloons  are  dinconti- 
nuous.  Even  standard  electromagnetic  techniques  present  law  efficiency  .  Therefore,  acoustic  and  internal 
gravity  waves  arenot  monitored  in  the  height  range  quoted  above  ,  where  the  theoretic  analysis  shows 
that  many  interesting  phenomena  take  place,  like  ducting  and  reflection.  Above  70  Km,  lasers  have  recen¬ 
tly  detected  long  period  internal  gravity  waves,  (KENT  G.S.  et  al.,  1972),  and  below  50  Km  high-resolu¬ 
tion  roder  measurement* are  used  to  study  internal  waves  in  the  atmosphere  near  the  ground  (GOSSARD  and 
RICHTER,  1970). 

Up  to  date,  only  two  ground-based  electromagnetic  techniques  have  been  successfully  used  in  studying 
the  lower  0  reqian,  namely  the  cross-modulation  experiments  and  the  VLF  propagation.  The  present  paper 
will  examine  the  poasibility  of  detecting  gravity  waves  in  the  height  range  50-70  Km  with  these  two  techni 
quas.  Its  first  section  evaluates  changes  in  electron  density  produced  by  gravity  waves  in  an  idealized 
diurnal  atmosphere,  assumed  to  be  isothermcl,  in  photochemical  and  diffusive  equilibrium,  and  without 
wind  motions.  The  second  and  third  sections  deal  respectively  with  gravity  waves  and  cross-modulation, 
and  gravity  waves  and  VLF  propagation.  A  few  experimental  results  will  be  presented  in  support  of  the 
theoretic  analysis 

2.  GRAVITY  WAVES  AND  REGION  0 
2.1  Gravity  waves. 

The  "polarization"  relations  for  gravity  waves  pru(«gating  in  an  isothermal  atmosphere  without  winds, 
can  be  written  as  follows  (HINES  C.0,,1960): 

p^P  .  p^/R  -  uyx  -  tJ^/Z  .  7^  ft*  A  exp  j  ,  (<ot  -  k^x  —  K^  z  )  |  ( 1  I , 

where: 

'  P1 1  P  1  i  ond  T1  are  the  normalized  variations  of  pressure,  density  and  temperature; 

-  U  ,  and  U  are  the  horizontal  and  vertical  components  of  the  neutral  air  velocity; 

x  z 

-  o)  •  2  rt/T  is  the  angular  frequency; 

-  k  and  K  »  k  +  J/2H  are  the  horizontal  and  vertical  wave  numbers; 

sF  z  z 

-  H  is  the  scale  height  of  the  neutral  atmosphere; 

-  P,  R,  X,  and  Z  are  functions  of  frequency,  wave  numbers  and  atmospheric  parameters  (HINES  C.O. ,  I960)  ;and 
-V-  P-R. 

Other  parameters  that  will  appear  later  are  defined  here  for  convenience: 

-  c  -  speed  of  sound  ;  pl.4  is  the  adiabatic  exponent;  g  is  the  gravity  acceleration; 

-  yg/ 2c;  ft)  *  2*/T  -  (y  -ll1'2  g/c; 

a  an 


-  h[o],  h[o3J 

-  [o3],  1°(3p)] 


are  the  scale  heights  in  Km  of  the  minor  atmospheric  constitu rrd-s  0,  0^ 

-3 

are  the  number  densities  in  cm 


Changes  induced  by  a  gravity  wave  in  diurnal  lower  D  region  will  be  analyzed  in  two  steps:  namely, 
changes  in  the  relevant  minor  neutral  constituents  of  the  atmosphere,  end  changes  in  the  electron  density. 

f.  i  .  '  .*  • .  <-1  +  •  -  oiniioq  4-h  ro«  "•  nhhbv’  1  1  ha  O  tnmS  rgo-i  Sr*  hnre,  --r*  fhn'  »■ 
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out  For  shorter  gravity  waves  and  acoustic  waves. 

It  is  known  (HINES  C.0.,1960)  that,  under  the  following  assumptions: 

2  ' 


2  2  2 
*:»<»:  / c 


(2), 


the  dispersion  equation  and  the  "polarization"  relations  for  internal  gravity  waves  become  ex_tremely 
simple: 

2  2  2  2 

•  k  (3). 


u  /u 

2  x 


-  Vkz  “  ~°>/%  '  Pi/LJx  ■  . 


(4). 


The  horizontal  and  vertical  displacements,  respect.i velv  A x  andAZ,  of  the  air  masses  moved  by  the  gravity 

waves  are  approximately  equal  to:  Ax  «  -  j  U^/to  and  A  z  «  -j  U  /o»  .  The  normalized  real  parts  of  p  ^  ,  T^  , 

U  ,  U  ,  A  x,  and  A  z  fra  shown  in  Fig.1.  It  is  important  to  notice  that  the  amplitudes  of  the  sinusoids 

do  nof  depend  on  <u  within  the  approximations  of  the  unequal! ties  (2).  Furthermore,  T,  and  p  have  the 

same  amplitude  but  are  of  opposite  phase,  while  U  and  U  are  in  quadrature  with  them.  This  fact  implies 

that  the  air  masses  moved  by  the  gravity  waves,  pass  throug’h  their  equilibrium  position  (e.g.  at  t»t  , 

where  Ax  >  &z  »  o)  with  maximum  speed  and  unperturbed  density  and  temperature.  The  air  found  in 

P^  (x^,  z  )  at  t  ■  t  has  been  displaced  from  its  equilibrium  position,  P^fx^,  zq\  by  an  amount  equal 

to  Ax  ft  1  -  x  -x  ,  and  »z(t.  )  ■  z-z„.  From  P  to  P.  the  gas  followed  an  adiabatic  transformat 
v  1  1  0*  v  1  1C  0  1 


Hence,  T  -  (y  -1 )  p  . ,  where 


T1  and  p 


transformation. 

are  the  normalized  Eulerian  changes  of  thn  temperature  and  density 


of  the  gas.  Since  the  atmosphere  has  been  supposed  Lu  be  initially  isothermal,  T  -  T^  and,  consequently 
-  (y-1  )p1 .  From  Pq  to  p  ,  the  air  expanded  adiabatically  (p^  is  negative),  hut  its  density  still 


remained  larger  than  the  density  of  the  air  present  at  the  new  level  in  equilibrium  conditions 


e,,  >  o). 


2.2  Minor  neutral  constituents  in  tha  0  region. 


From  Pg  to  ,  the  air  carried  along  its  minor  neutral  constituents,  in  particular  0  f  P)  and  0^. 
Let  us  suppose,  for  the  moment,  tint  the  quantity  of  atonic  nxygBn  and  ozone  present  is  constant,  so 
that  the  new  concentrations  observed  in  P  are  easily  estimated  as  follows: 


Io(3p)-J 


P1,t1 


lo  (3p 


Pi, 


)]  POfto  *  0-  e/rr-OMof  p)i P1  ^ ta  *  (i+a*/hcd(  PlDfi-p— ) 


(5), 


to. 


3  P1,t1 


tcV  pi,  to 


X  (1  +  Az/H[D3I  )  (1-  P y/  (y- 1 )  ) 


(*). 


Tho  scale  heights  in  the  above  equations  have  been  estimatod  to  bB: 

H  [  0(3P)  ]  -  -  10km  (SHIMAZ'AKI  and  LAIRD,  1970), 

H  [ 0^1  -  4  Km  ( SHIMAZAKI  and  LAIRD  ,  1970), 

for  overhead  sun,  tha1-  is  For  the  sun  zenith  angle,  g  ,  equal  to  zero.  Therefore,  the  normalized  chsrne 
in  Of  P)  appears  to  be  of  the  order  of  -5,5p^  ,  and  the  normalized  change  in  0^  is  approximately 

+  2,5p  ,  provided  3uch  minor  constituents  have  a  life  time  longer  than  a  quarter  period  of  the  gravity 

wavos.  The  atomic  oxygen  0(3p)  is  at  work  in  many  reactions  of  aeronomic  Interest  (HUNT  G.B.,  1966  ; 

5HIMAZAKI  and  LAIRD,  19701.  It  can  be  produced  in  various  ways,  hut  its  main  source  is  ohotodi ssori ati on 
of  0  ,  with  a  dissociation  coefficient  nf  the  order  of  10 “9  s~1  for  overhead  Sun  (SHIMAZAKI  and  LAIRD, 

1970)  .  In  the  height  range  undPr  consideration,  [  0  J  -  10^®  -  10^  cm  ”3  arKj  [p  (3pl]  »  lolO  -  10 il  cm_3j 
hence  correspondingly  tne  time  constant  is  of  the  order  oF  103  -  if)5  s,  o(3p)  cari  also  be  produced  either 
by  photodissociation  of  NO^,  or  by  ionization  followed  by  dissociation  of  NO,  nr  etc..,  but  the  corresponding 
time  constants  are  much  longer  than  1fl3  s.  Another  important  source  of  atomic  nxygen  is  the  ohotodissnria- 
tion  of  O  ,  with  a  dissociation  coefficient  as  high  as  10“ 2  sec  ,  for  overhead  sun  and  above  60  km  f SHTMA- 
?AKI  and  LAIRD,  1970)  .  However,  [O(^P)]  /  [  0^1  =  10  -  100  in  the  height  rarne  60-70  km;  heoce,  dissociation 
of  0^  cannot  aqpreciatily  change  the  total  oxygen  content  on  n  timn  scale  shorter  than  100D  s.  In  conclusion, 
when  an  internal  gravity  wave  perturbs  the  atmosphere,  the  normalized  change  in  Of^Pl  can  be  simply 
computed  from  en.(5l  il  the  nuarter  period  of  the  gravity  wave  is  substantially  shorter  chan  1000  s. 


The  situation  may  be  different  for  0^.  Indeed,  fiom  eq.  (6l  it.  appears  that  [ CJ^  1  should  increase 

with  respect  to  its  enui  librium  value  in  .  However,  as  stated  shove,  the  time  constant  ^nr  phntodisso- 
cintion  of  f)  ,  X  fo^),  is  nf  the  order  nf  100  s  above  60  km  for  overhead  sun:  this  value  is  approximately 
equal  tn  the  quarter  oer-iud  of  the  shortest  possible  internal  gravity  w,  i.  Hence,  0^  must  be  always  in 
photochemical  enuilibrium  with  the  other  species.  However,  at  middle  and  hi  ah  latitudes,  it  will  bp  span 


that  T  fo  )  substantially  increases.  For  example,  during  winter 
local  time  f  C  J  0°  1  r  f n  1  1  ’ 


at  45°  latitude,  60  km  height  and  noon 


Consequently,  even  nn  interrnl  gravity  wave  with  n  2C  min.  neriod  is  shin  to  rtl .apiece  0^  without  nffoctim 
the  total  0^  content.  In  this  cnso  too,  normalized  thnmsfl  in  0^  nan  be  eatimatad  from  an. (a). 

the  behavior  of  other  minor  noutml  const!  tuonts  will  not  be  examined  here,  since  they  do  hot  affect 
the  electron  balance  in  the  height  name  consirlorrd.  Even  NO  ccasss  tb  be  important  in  tnie  respect  fust 
below  '70  Km, 

2,3  Electron  density,  I 

Several  detailed  schemas  of  electrons  and  ions  tvaldncs  have  bean  published  (FEHSENFELD  F.C.,  et  el., 
1967;  LELEVIF.R  nnd  RRANSCOMfi,  196B;  FITE  W.L.„  1969;  FERGUSON  E,E. ,  1&»;  FEID  G.C.,  1970;  FERGUSON  E.E., 
1971  1.  For  thn  cresentryv? lysis,  the  simplified1  scheme  of  Fid. 2  is  adequate;  it  is  very  similar  to  the 
so-called  two-ions  model  f  AQANS  and  MCGILL,  1967).  In  the  height  range  30-73  Km,  two  sub  -regions  charac¬ 
terized  by  different  types  of  preponderant  recombirvstioh  processes,  are  considered: 

-  reqion  a  ,  approximately  above  60  Km,  where  ivedative  charges  ore  lost  mainly  by  recombination  of  elec¬ 
trons  with  positive  ions; 

-  redion  0  ,  approximately  below  55  Km,  wtiera  negative  charges  are  lost  mainly  by  recombination  of  nega¬ 
tive  with  positive  ions. 

The  two  renionu  will  be  examined  separately.  It  will  be  assumed  that  ions  and  elections  do  not  signi ficantly 
diffuse  in  a  time  rommsmble  with  one-quarter  period  of  the  gravity  wove  considered, 

i  —3 

The  ions  are  considered  first.  At  65  Km,  in  redion  a,  tho  production  rate  is  token  to  be  0,05  cm 
s  (VELTNOV  P.,  196R;  FRANCFY  R.Y. ,  1970),  the  ion  density  is  at  least  300  cm  ,  hence,  the  time  con¬ 
stant  for  positive  ion  gensjrat^on  is  londBr  than  6000  s.  At  50  Km,  in  reqion  p  ,  the  production  ratg 
is  nf  tho  order  of  0.5  cm  s  ,  the  positive  and  negative  ion  density  is  of  the  order  of  3x1tP  cm  , 
henr.n,  thn  time  constant  is  lomsr  than  6x10*1  s  .  f COLE  and  PIERCE,  1965)  .  Therefore 1  the  ions  follow 
tho  motion  induced  by  the  gravity  waves  without  being  sidni ficantly  altered  by  generation  end  destruction 
processes,  if  tne  drnvlty  wave  quarter  period  is  shorter  than  the  time  constants  Just  computed. 

For  what  concerns  the  electrons,1  both  theoretic  (DOLE  and  PIERCE,  1965)  and  experimental  (M6CHTLY 
and  SM^TH,  1968)  results  seem  to  confirm  that  their  density  at,  let  us  say,  65  Km,  is  of  the  order  of 
30  cm  .  This  implies  a  time  constant  of  tne  order  of  600  a.  Consequently,  when  studyinq  the  change* 
oroducod  in  tne  electron  riensl tv  by  a  gravity  wave  with  period  of  the  order  of  20  min.  or  less,  [e  ] 
can  be  easily  evaluated  as  follows:  !  1  F>1,t1 


l8,Pi,ti  -telPi,to  *  l  i-9l/(r-i)  ) 


The  electron  density  profiles  can  be  expressed  in  term  of  H  (z,t),  the  effective  scale  height.  It  is  not 
uncommon  to  find  H  ai-5  Km  in  radian  a ( COLE  end  PIERCE,  1965*f  MECHTLY  end  SMITH,  I960;  REID  G.C.,  19701, 
Hence,  normo’i  md  changes  in  [aj  can  be  estimated  frbm  en.f7)  to  he  of  the  order  of  -lOp^  . 

In  region  fj  ,  the  olectnon  ciensity  is  very  small  and  the  electron  life  time  is  of  the  order  of  a 
second.  Therefore,  the  electrons  reach  their  equilibrium  rtensi  ty  very  nuickly.  For  example  ,  at  SO1  Km  , 
the  balance  equation  far  nlnrtrons  is  f  see  Fig. 2)  :  > 


Q  -  Kjitt  xr*M02M08J 


x  i  o"  H o  c  p)  j 


where  K  and  K  are  thn  attach_ment  and  detach-ment  coefficient  respectively.  Each  of  the  terms  In  the 

cl  tt  ClOt 

riahfc-hnnd-side  of  the  above  enuatinn  is  much  larger  then  0,  tho  production  rate.  Therefore,  the  equili¬ 
brium  density  can  be  computed  by  simply  equating  nttsrh-ment  and  detachment,  and  its  percent  change  [e  J 
comes  out  nous 1  to  :  ;  " 

1  8  7  1  “  '  1  Vt  1 1  -  3  r  V  1  +  1  W 1  ,  +  t  0  f3p1 *i  *  1  Vi 

where  tho  parentheses  indicatn  normalized  rhemes  of  the  bracketed  quantities.  The  coefficient  K  is 
weakly  dependant  on  temperature  fPHFlPS  A.V.,  1959);  K  too  is  probably  a  weak  function  of  temperature, 
though  a  definite  statement  based  cn  exoerimental  results  cannot  be  made  fPHELPS  A.V.,  1F69).  Therefore, 
the  temperature  dependence,^  f facts  of  K  sad  K  ^  on  [  el  will  be  neglected.  In  BO.fr),  10  1  can  te 
assumed  enual  to  p^  t  0(  PlJ^  can  be%5timntedHfrom  eo.f5l;,  f  0^  J  has  -till  to  bs  esefuoied.As  it  is 
known  t  0  is  me  minor  constituent  of  the  negative-ion  family,  since  its  life  time  is  very  short  due 
to  the  fast  conversion  to  0  by  collision  with  0  .  During  the  perturbations  induced  by  a  gravity  wave, 
this  ion  ran  ranch  its  enui  librium  value,  that  is:  ]  . 

Q  -  K  -I  1  fin), 

j  nt  c  J 


whore  K  is  the  coefficient  for  charge  6xchanne.  The  tnmnereture  dependence  of  K  is  unknown 

,  lnt  ,  int 

I  FERGUSON  E.E.,  1969 1, hut  reaction  mtes  for  similnr  types  of  charpe  exChonq^  have  boon  shown  to  bo 
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niightly  ct-jpendent  on  temperature,  Consequently,  it  seams  resanttbl*  to  assume  that!  0^  1  “  -  1 0  ]  . 

Finally,  after  adding  all  tha  cuntributlona  in  the  rlghtz-h«nd  aide  of  eq.(9),  it  turns  ojt  that 
l  (i  J^"  ie  approximstmly  equal  to  -10  In  region  0  . 


At  this  point  it  can  bn  stated  that,  small  .icjiwali/ad  changes  in  the  rtautml  air  density  produced 
by  qrwylty  waves  with  period  of  the  ortier  of  20  min.  or  less,  cause  changes  in  electron  density  that  are 
ten  times  larger,  This  semi-theoretic  result  has  to  be  accented  with  caution.  First  of  all,  the  present 
estimate  of  the  ptienomens  concerns  only  an  order  cl  magnitude.  A  precise  analysis  would  have  to  solve 
the  Tull  set  of  differential  equations  for  the  neutral  nnri  charged  constituents. Secondly,  the  present 
cstimets  is  highly  dependent  on  the  values  assumed  for  the  scale  heiqhta  of  the  relevant  atmospheric 
constituents,  that  can  be  affected  by  large  errors.  However,  there  is  at  least  one  experimental  sat  of 
results  supporting  the  conclusionsreachad  in  the  coursa  of  the  semi-theoretic  analysis,  Winter  time 
measurements  of  VLr  phase  and  amplitude  have  shown  larqn  perturbations,  These  phenomena  were  interpreted 
in  terms  of  temperaturj  rhanqes  in  tlie  neutral  air  that  are  known  to  be  relatively  large  iri  such  a  season. 
The  mechanism  becomes  operative  throuqh  changes  in  the  density  of  some  minor  neutral  constituents,  like 
0|  P)  or  0^  fmteRTY  9.H.,  1968). 


3. 


THE  CROSS-MOGULATION  MEASUREMENTS 


These  experiments  produce  chan  jes  in  amplitude  (FE.JFR  J.A.,  19S5;  SMTTH  et  al.,  1965',  in  phase 
f FERRAH)  et  al,,  1963),  and  in  Faraday  rotation  (RUMI  G.C.,  1968)  of  a  "wanted”  wave  as  a  result  of  t**a 
interaction  with  a  “disturbing"  wave.  Tho  heiqht  range  is  measured  by  the  delay  between  the  transmission 
of  the  "disturbing"  pulse  and  the  arrival  of  the  "wenteri"  pulse.  The  height  resolution  is  determined  hy 
the  lerrqth,  1  ,  of  the  pulses.  This  implies  that  only  acoustio-qra vity  waves  with  vertical  wavelength 
longer  than  1°  could  be  detected.  Furthermore,  a  lower  limi s  on  the  horizontal  wavelength  of  the  acoustic- 
gravity  woves°is  placed  by  tlie  dimensions  of  the  first  Fresnel  zone. 

2 

The  measured  normalized  Quantity,  M,  is  proportional  to  jej  x  fful/v"  T  ,  where  v  is  the  electron- 
neutral  collision  frequency,  T  is  the  electron  temperature  assumed  to  he  edun?  to  the  neutral  air  tempe¬ 
rature  end  f(v)  is  a  complicated  function,  that  can  he  written  as  f(v)  S"  v  f  ,  wtiere  |c|  <1 .  Thn  collision 
frequency  is  proportional  to  pT1^  ,  where  Q  is  the  air  density  and  <5  is  a  positive  number,  variynn  from 
0.5  to  1,  depending  on  the  theoretic  model  (CROMPTON  R.W.  et  al.,  1953;  COLE  and  PIERCE,  1965)  .  Even 
different  tyoes  of  experimental  technioues  seem  to  give  not  Quito  consistent  values  for  6  .  Anyway  C  and 
T  change  in  opposite  direction  ,  at  lea3ij  under  the  action  of  the  internal  gravity  roves  considered  in 
t^e  previous  section.  Therefore,  y  and  V  T  do  not  change  appreciably,  and  changes  In  M  are  apnroxi- 
matelypropartional  to  thB  normalized  variations  in  {  e  J  .  For  different  waves  or  disturbances  such  that 
and  T^  are  not  of  opposite  phase,  the  dependence  of  M  on  y  1^  should  be  taken  into  account. 
Furthermore,  in  this  case,  whenever  amplitude  meosurementsaro  concerned  ,  even  changes  in  f(  y  )  could 
become  quite  important  .  Indeed,  f[  *  '  is  a  rapidly  varying  function  of  y  nt  the  height  where  it  goes 
through  zero,  that  is  approximately  where  the  ooomting  nnguler  frequency  equals  2.2  ►  (RIJMI  G.C.,  1962). 

According  to  experimental  evidence,  most  of  the  time  the  cross-modulation  experiments  are  disturbed 
by  spurious  effects,  of  unknown  origin,  such  ns  a  modulation  of  the  reference  level  with  a  period  in  the 
range  of  the  acoustic  o’"  internal  grnvitv  waves.  This  suggests  that  such  waves  can  indeed  be  detected. 

An  example  is  reported  in  Fig. 3,  adapted  *rom  RUMI  S.C.  fl966).  Tho  parameters  of  the  experiment  were; 
"wanted"  frequency  •  3.335  MHz;  disturbing  frenuency  «  13.B66  MHz;  pulse  length  .  fjTtyio;  antenna  beam  «15e; 
place  of  the  experiment:  Cornell  University,  Ithaca,  N.Y,  ;  height  range  ■>  Si  Km.  Fig. 3  shows  that:  the 
intensity  of  cross-modulation  vnrind  with  a  period  of  the  order  of  1  min.  Only  the  above  qualitative 
interpretation  is  offered.  The  nunnti  tntl  t/r  analysis  of  the  data  is  not  attempted,  since,  at  64  Km  height, 
eddies  with  characteristic  dimension  of  the  order  of  the  "wanted"  wcvelnngth  can  be  present  ( RTICIKER  H.G., 
1956).  Tt  has  been  sugnestert  fFTr’l  C5.r_,.,  1968)  that  these  eddies  can  he  imnortant  in  determinino  the  level 
of  the  signal ,  However,  no  theoretic,-'l  amlysir,  of  thpi  r  effect  has  been  performed.  Tt  Is  worth  reporting 
tha*  modulahipn  periodslogner  than  five  minutes  have  been  observed. 

From  the  present  discussion  it  appears  that  gravity  waves  can  bo  detected,  and,  in  tact,  have 
been  detected,  by  crose-modulation  experiments.  r><  fhi  s  te,-hninun<  it  should  be  possible  to  measure 
not  only  the  period  of  the  wave,  hut  'Iso  the  vertical  wavelenoth  by  auickly  scanning  in  height,  The 
horizontal  wavelength  could  not  he  measured  with  the  ngulpment  presently  in  use. 


4.  VI.F  MEASUREMENTS 

VLF  propanatlnn  in  the  eartn-i onosc"  ire  cavity  is  usually  studied  with  the  moor  theory  ^WATT  I.R., 
1952),  Only  under  particular  conditions  tit  ray  theory  c  n  i.q  applied  .  Sur  h  conditions  are  in  fact  veri¬ 
fied  For  the  pronmatlon  of  the  G.R.R.  -  16  KHz  sional  oo  the  link  Rugby-Tori  no,  with  nirt-nath  reflerHnn 
ooint  lust  above  Paris.  At  this  frequency,  the  ionosphere  can  he  considered  shnrply  hounded  and  the 
reflection  level,  z  ,  during  the  dov  is  in  the  neinhhnroood  of  TO  Km  ( RRACF'MFI  l  R.N.  et  al.,  1°51  1 .  The 
total  phase  dalav  measured  at  the  rocelviog  station  is  tho  sum  nf  three  factoro:  al  t.h“  math  lenath, 
b)  the  value  of  the  refractive  inoex  below  ff  reflection  level,  cl  the  phase,  aro  ^,8,1  ,  nf  the 
ref1  option  cueffici"nt. aR|  depends  on  fm  parameters,  the  annle  of  incidence,  0  ,  end  the  miant'  tv  ?  (t  X  . 
where  is  the  reel  part  and  X  Is  the  i  twin  inary  part  of  the  refreeflve  index  at  the  ref  action  1erm>l  , 
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For  the  link  Rtrjby-Tarl no,  2  p,  x  Is  of  the  order  of  0.1'  -*nr t  0  .  ■*  75*  fmjl'T  G.O.,  1071  )  ,  To  n  first  a 

mation,  It  ran  bn  interpreted  tbnv  »  nravity  wave  does  not  affect  <i  ft  tt  ,  but  chanqep  the  heiqht  of  refloc— 

tion.  In  qonoral,  for  what  concerns  ,  and,  consequently,  em  f  ^  ^  l ,  It  nhciuld  ho  noted  that  ^ 

c.hanqas  only  if  the  refractive  Index  nf  the  layer  he'.ow  the  reflection  lovtil  chames.  Hownvev',  fur  the 

present  case,  no  layer  with  refractive  indax  suf  ."Jclentlv  different  from  non  and  tlrknnns  sufficiently 

lamer  than  a  wavelenqtn  exists  below  z  durim  daytime.  Furthermore  when  Hum-  P.H  and  j  75°  the 

r*  '  h 

phase  of  the  reflection  coefficient  is  almost  independent  on  .  Therefore,  a  smujty  wave  chimes 

the  phase  delay  of  VLF  waves  or.ly  hy  Cham  It)  tho  nonmotry  j  f  the  path,  that  Is  by  movinn  the  refler-'lnn 

level,  Quantity  Az  is  easily  evaluated  since  t  4  i  /H  »  fa  )  ..From  the  nanmo  trir.nl  con  flaunt  ion  it 

J"  r  g  »  •  V 

appears  that  1  ha  nhsse  tmlav  Introduced  hy  a  chanqe  In  z  is  aqucl  to  ?4z  .  cos  £  /c  ,  whore  c  is  the 

t*  pi  o*  n 

velocity  uf  Unfit.  A  ION,  dec-ease  in  fej  causes  n  delay  nf  “he  order  of  tyts„  It  is  to  bo  noted  thnt  the 
precedinq  discussion  on  ^  should  be  comoletely  reviewed  ii  tha  reflectirn  level  is  hinder  tn«n  Tfl  Km. 
Indeed,  in  this  case,  the  layer  below  z  may  be  sufficiently  efficient  in  chnmino  ;  furthoroore  , 

2  «t  Z(  may  be  lamer,  and,  consequently,  im  (n  R «)  becomes  very  sensitive  to  chamos  i  n  & . . 

In  order  to  be  seen  on  VLC  phase  records,  qmulty  waves  should  satisfy  the  followi  yj  conditions, 
fheir  vertical  wovelemth  should  oe  lamer  than  tne  panctmtion  depth  of  the  VLF  siqnnl  irr-to  the  reflection 
layer,  estlmnted  to  ho  1/4  of  the  VI.F  onvilemth,  that  is  5  Km  at  16  KHz.  Their  horizontal  wnvelennth 
should  he  Inner  than  the  first  Fresnel  zone,  that  is  t/f  the  order  of  IDO  Km  for  the  Ru'.hmTqrino  link 
at  16  KHz.  Theso  two  conditions  imply  that  only  internal  nmvlty  weves  with  period  lonnor  than 

auproximntaly  10  min.  can  be  seen  with  this  technioua  since  internal  w/.ves  with  .shorter  period  will 
be  reflected  well  below  70  Km  (HJNES  G.O,,  I960).  A  type  of  possible  “resonant"  interaction  my  arise 
when  the  horizontal  wavtlomth  of  vhe  nmvlty  waves  is  half  the  VLF  wnvelenntb.  Jn  this  case  tao.charrres 
on  the  VLF  phase  may  be  ncd  ta  lame.  No  quantitative  analysis  of  such  effects  will  bB  attempted  horn. 

Fin. 4  tlnroudh  7  .“how  records  of  16  KHz  phase  measurements  on  the  Ruqby-Torino  path,  Tho  distance 
between  the  two  stations  is  1040  Km.,  and  the  orientation  of  tho  path  is  i0#  W  of  N.  Fin. 4  and  5  present 
wave-like  structures  with  periocBof  tha  order  of  IS  min.  Even  if  the  amplitudes  are  small.of  the  order  of 
1  -  2^13,  those  events  are  very  noticeable  since,  durinq  the  days  examined,  the  ohassi  stays  constant  warhln 
much  less  than  0.5 /is  for  many  hours.  Fiq.6  shows  an  example  of  s  phase  modulation  by  on  acoustic  qra- 
vity  wove  with  n  period  of  the  order  of  2  din.  Notice  that  tha  amplitude  of  the  wave  is  attenuated  ,  but 
4  or  5  perioas  can  t.v  suen.  Fi.ieilr,  flq.7  shows  a  wave-lika  structure  with  a  30  min.  period  du'lnq  a 
momlnq  phase  recovery.  Records  of  tl:a  type  presented  do  occur  occasionally,  they  are  not  rmulav  nr  fre¬ 
quent.  Indeed,  au  1 1  npoerrs  from  tlte  previous  discussion,  only  relatively  lame-amplitude  qravity  waves 
may  produce  sensib’o  chernes  in  the  phase  delay  of  the  siqnnl. 

5.  CONCLUSIONS, 

Gravity  waves  propaqntinq  in  the  lower  ionosphere  have  been  shown  to  cause  refitivoly  lime  rh-.nqes  in 
electron  density  in  the  heiqht  rame  50  -  70  Km.  In  thi3  way,  the  motion  of  the  neutral  atmosphere  may  be 
indirectly  detected  by  electrcmmnetic  techniques,  ns  cross-modulation  or  VLF  propaqstion.  Few  experimental 
date  heve  been  presenter!,  si'pportinq  Qualitatively  the  theoretic  conclusions.  Even  if  if  ipunars  diffi¬ 
cult  nor  to  orecisely  deduce  the  parameters  of  the  qrevity  wawis  involved,  it  seems  useful  to  utilize  thq 
auoted  ter.hnloues  with  this  aim.  In  partlci'ln’"  VLF  phase  and  amplitude  are  available  for  mnnv  different 
links,  and  should  qlve  interestino  informations  without  the  need  of  any  ad  hoc  equipment. 
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Abstract 


Over  1000  individual  value*  of  neutral  wind  can  be  obtained  daily,  within  the  75-105 
altitude  range,  with  the  meteor  radar  of  C.N.E.T,  (National  enter  for  Studies  on  Tclecomaunications), 
Data  processing  and  harmonic  analysis  significantly  exhibit  progressive  waves  whose  vertical  propa¬ 
gation  can  be  tracked  owing  to  the  accuracy  in  location  due  to  the  radar.  The  length  of  the  measure¬ 
ment  period  (10  days)  makes  it  possible  to  acquire  data  on  the  life  duration  of  the  gravity  vaves  ob¬ 
served. 


C.N.E.T,  has  installed  a  meteor  radar  at  Sens-Bt tujeu  (b3°N),  Returns  from  ionized  traces 
produced  by  meteorites  penetrating  into  the  higher  atmosphere  are  obtained.  The  radar  is  extremely 
sensitive  (0,2  uV  for  s  10  dB  signal/noise  ratio)  and  therefore  can  detect  over  1000  meteor  echoes 
daiily.  Owing  to  a  novel  device  for  measuring  the  distsnci  between  the  radar  and  the  meteor  echo,  and 
to  the  accurate  determination  (±  0,7°)  of  the  elevatior  cod  azimuth  of  this  echo,  the  altitude  can  be 
determined  within  t  500  meters. 

The  motions  of  the  East-West  component  of  the  neutrsd  wind  within  the  75-105  altitude  range 
can  be  deduced  from  the  Doppler  effects  on  these  echoes.  Waves  are  thur  exhibited,  whose  vertical 
propagation  can  be  tracked  since  the  altitude  it  known.  Besides  tidal  motions,  with  periods  ranging 
from  12  to  2b  hours  and  over,  shorter  period  oscillations  are  observed  which  can  be  compared  to  gra¬ 
vity  vaves. 

Up  to  1969,  measurement  periods  were  of  reduced  duration  (2-3  days),  and  only  "instantaneous” 
gravity  waves  could  be  observed.  With  automatized  date  processing,  the  duration  of  these  periods  was 
extended  to  10  days  as  soon  os  December  1969,  thus  permitting  studies  of  the  stability  of  the  obser¬ 
ved  motions. 

This  paper  surveys  preliminary  investigations  on  gravity  vaves  observed  from  20  April  to 
30  April  1970. 
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Rfesumfe 

La  irgtyorique  du  C.N.E.T.  pen-net  d'obtenir  plus  de  1000  valeurs  lndlviduelles  de  vent  neutre 

par  jour  aux  altitudes  ccmprises  entre  75  et  105  km.  Aprfis  traitement  des  dann&es  et  analyse  harmonique, 
on  met  en  evidence  de  fagon  significative  des  cndes  progressives  dent  on  peut  suivre  la  propagation  verti¬ 
cals  grSce  3  la  precision  de  la  localisation  dfle  au  radar.  La  durfie  de3  mesures  (10  jours)  permet  de  de¬ 
terminer  quelques  rfisultats  sur  la  durfie  de  vie  des  cndes  de  gravity  observes. 


Le  Centre  National  d' Etudes  des  T616ocmrunications  a  implants  un  radar  mytyorlque  3  Sens-Beauieu 
(43°N) .  II  permet  d'obtenir  des  ychos  radar  provtnant  des  traces  ionis^es  erfifies  par  les  mStfeorltes  p6n*- 
trant  dans  la  haute  atmosphere.  Ce  radar  a  une  grarde  sensibility  (0,2uV)  pour  uri  rapport  signal/bruit. 
de  10  dB)  oe  qui  lui  permet  de  dfitecter  plus  de  1000  echos  mfrtfioriques  par  jour.  Un  dispositif  original 
de  mesure  de  la  distance  entre  le  radar  et  l'Scho  mfrtyorique  ainsi  que  la  determination  precise  (+  0,7°) 
du  site  et  de  l'aziunt  de  oet  6cbo  permet  d'obtenir  une  definition  de  1  'altitude  3  ±  500  metres. 

En  frtudiant  l'effet  Doppler  sur  ces  echos,  on  peut  reconstituer  les  mouvements  de  la  oenposante 
Est-Ouestuvent  neutre  dans  la  game  d'iiltitude  comprise  entre  75  km  et  105  km.  On  mat  alors  en  Evidence 
des  cndes  dent  on  peut  suivre  la  propagation  verticale  gr&ce  3  la  ccnnaissance  de  1' altitude.  On  constate 
outre  la  presence  de  mouvements  de  max6e  (pgriode  12  he urea  et  24  heures)  et  de  pfiriode  supgrieure  3 
24  heures,  1' existence  d 'oscillations  de  pfiriede  plus  oourte  que  peuvent  Stre  assimilSes  3  des  ondes  de 
gravity. 

Jusqu'en  1969,  les  canpagnes  de  mesures  avaient  une  diurfe  r&iuite  (2  3  3  jours) ,  ce  qui  ne  permet- 
tait  que  1' observation  "instantanfe"  des  ondes  de  gravity,  [l]  L'automatlsation  du  traitement  des  donnyes 
a  permis  de  porter  la  durfie  des  cwpagnes  3  lO  jours  dSs  D§oembre  1969,  ce  qui  permet  d  'atudier  la  sta¬ 
bility  dans  le  tenps  des  mouvements  observes. 

Cet  expose  reprftsente  in  travail  pr61iminaire  d'ytudes  des  ondes  de  gravity  observyes  du  20  Avril 
au  30  Avril  1970. 

I  -  TRAITEMENT  DES  DONNEES 


1)  Le  radar  mfrtyorique  du  C.N.E.T.  fonctlonne  3  la  fryquence  de  3CMHz  environ  et  les  antennes 
d'&nlssion  et  de  ryoeption  sont  dirigyes  vers  l'Est.  En  raison  de  la  fryquence  utilise,  ces  antennes  sont 
assez  peu  directives  (l'ouverture  du  faisoeau  3  3  dB  est  de  28°  en  azimut  et  de  30°  er  3ite)  .Ceci  signifia 
que  l'on  observe  des  ychos  mytyoriques  dans  un  volune  inportant  (30  km  en  altitude,  150  km  dans  la  direc¬ 
tion  Est-Ouest,  80  km  dans  la  direction  Nord-Sud) .  Come  la  mesure  du  vent  se  fait  par  effet  Doppler,  on 
obtient  en  ryality  la  valeur  de  la  oerposante  radiale  du  vent  qui  peut  Stre  diff6rente  de  la  valeur  de 
la  oenposante  E.O  :  l'erreur  sur  celle-ci  peut  at.teindre  10  m/t.  Pour  tr alter  les  donnyes  brutes,  cr.  est 
done  oblige  de  fatre  certaines  hypotheses . 

a)  On  traite  les  donnyes  oomme  si  elles  repry sen talent  la  oenposante  E.O,  Pour  yviter  d'introduire 
des  erreurs  trop  irrportantas,  on  est  ameny  3  yiiminer  les  6chos  trop  k cartes  de  l 'axe  des  antennes. 

b)  On  nyglige  les  variations  horizontales  du  vent  dans  le  volime  ytudiy.  Ceci  signifie  que  les 
mouvements  de  vent  d'ychelle  horizon  tale  Infyrieure  3  200  km  seront  ignorys  par  1 ' analyse . 

c)  On  suppose  que  le  vent  neutre  aux  altitudes  cons idy ryes  est  pratiquement  horizontal.  Ceci  a  yty 
montry  thyoriquememt  pour  les  ondes  de  gravity  de  pyxiode  supyrieurc  3  1  heure  et  expyrimentalement 

d)  Cb  admet.  que  la  mesure  de  vltesse  obtenue  est  ygale  3  la  vitesse  de  l 'air  neutre. 

Avec  oes  hypotheses,  on  obtient  une  syrie  de  valeurs  du  vent  dypendant  uniquemer.t  de  1' altitude 
et  du  tenps. 
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2)  Pour  reconstituer  les  profils  de  vent,  on  veut  calculer  les  valeurs  sur  un  maillage  rfrgulier 
en  tenps  et  en  altitude.  Qi  oonsiderant  qua  l'erreur  sur  1' altitude  est  de  +  500  metres  et  que 
l'cn  se  limite  3  1‘ etude  des  oscillations  de  p£riode  sup6rieure  3  2  heures  30,  on  a  fixe  les  pas 
du  maillage  respectivement  3  1  km  et  10  im.  Les  profils  de  vei.i  sont  calculSs  par  interpolation 
linfiaire.  Celle-ci  est  limitfie  aux  points  ( tQ , z0)  tels  que  la  valeur  du  vent  en  (tQ, z&)  ne  soit 
pas  entachSe  d'une  erreur  supSrieure  3  10  m/s .  Cette  analyse  agit  carme  un  f^tre  sur  les  oscil¬ 
lations  de  faible  p^riode  (<  3h.).  La  figure  ci-oontre  nontre  1 'attenuation  ~~  d  'une  onde  d' am¬ 
plitude  uQ  et  de  pfiriode  t,  p  represente  le  nembre  d 'echos  par  heure.  On  voi?  que  pour  p  =  20 
et  t  =  3  heures,  on  a 


=  0,75 


3)  Oi  effect ue  alors  une  analyse  harmonique  du  profil  de  vent  ainsi  obtenu  3  chaque  altitude.  On 
constate  alors  la  presence  d'une  tx3s  forte  camposante  de  pSriode  12  heures  oorrespendant  au 
ph6nan&ne  de  maree.  Pour  obtenir  une  precisian  plus  grande  sur  les  ondes  de  pferiode  differentes, 
on  est  amen6  3  retrancher  la  oemposante  de  pdriede  12  heures  das  valeurs  experimen tales  et  3 
effectuer  une  analyse  harmonique  sur  le  signal  restant. 


Pour  obtenir  une  precision  plus  grands  sur  les  ondes  de  gravl te ,  on  pourrait  avoir  interSt 
3  effectuer  1' analyse  harmonique  sur  une  dur3e  aussi  grande  que  possible.  Cependant,  on  verra  que 
la  dur6e  de  vie  d'une  onde  de  gruvite  est  limitee  3  3  jours  en  moyenne  et  que  de  toutes  fagons, 
la  phase  de  ces  ondes  est  assez  peu  stable  dans  le  temps.  Dans  ces  conditions,  il  existe  une  limi¬ 
tation  physique  3  la  valeur  de  la  durfee  de  l'6chantilion  que  l'cn  a  f  ixAe  3  3  jours. 


II  -  Observation  d' ondes  de  gravl fag 

L ' analyse  harmonique  d'un  Gchantillon  de  dur£e  3  jours  a  ete  effectuSe  3  chaque  altitude 
de  z  aenprise  entre  75  et  105  km  et  pour  une  sferie  de  valeurs  equidistantes  de  la  frequence 
allant  de  _J_  heure  1  3  _L_  heure-1  par  pas  ggal  3 


ad  T  at  la  durfie  de  l'Cchartillon  (T  =  72h.).  On  represents  chaque  caiposante  par  : 


V  (t,z)  =  v  (z)  sin  (  2nft  +  ♦  (z)) 

L'fitude  expfer irrent ale  des  valeurs  v  (z)  et  $  (z)  du  20  au  30  Avrii  1970  conduit  aux  r£sul- 
tats  suivants  : 

Le  spectre  de  puissance  prSsente  une  sSne  de  "pics”  de  forte  amplitude,  ce  qui  avait  d6  j3 
et£  observe  en  1965-66  [3] 

-  A  la  frequence  oorrespondante,  on  oenstate  frequenment  que  41  (z)  varie  lineairement  avec  z. 

On  est  alors  en  presence  d'une  onde  progressive  de  longueur  d'onde 

=-2n  /  -|£- 
dz 


z?r> 


A 
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Le  plus  souvent  dt  est  positif  (figure  1  S  41 .L'cnde  a  done  une  vitesse  de  phase 

dirig6e  vers  le  has.  Plusdrarement  (un  cas  sur  dix) ,  elle  semble  dirigfte  vers  le  haut  (fig.n°5  ) . 
X  est  ggn&ralenent  octrprise  entre  10  et  40  km. 


Tests  de  validity 


Pour  verifier  qu'un  "pic"  du  spectre  de  puissance  des  vents  represente  une  cnde  atmos- 
ph&rique  de  maniSre  significative,  nous  avons  utilise  le  test  propose  par  SPIZZICHINO  qui 
consiste  3  calculer  le  spectre  de  puissance  bidirtensionnel  S  (f,k)  du  vent  zonal  u  (t,z) 


S  (f,k)  a, 


,  f  T  Z  +z 

— - —  /  1  0  u  (t, 

T  Z  L  °  Zo 


z)e  2in(kz-ft)dz  dt 


oQ  T  est  la  dur6e  de  l'echantillcn  et  Z  l'6paisseur  de  la  tranche  d' altitude  analys6e. 


A  toute  crrie  atmosphSrique  correspond  un  maximum  de  S  (f  ,k) .  RAciproquerent  pour  s 'assurer 
qu'un  pic  correspond  A  une  onde  atmosphferique ,  cn  peut  : 

-  comparer  l'anplitule  de  ce  maximum  a  oelle  du  bruit  awbiant  et  ne  consid6rer  que  les  pics 
pour  lesquels  le  rapport  signal/bruit  est  supferieur  A  10. 


-  comparer  la  forme  de  S  (f ,10  autour  du  maximum  3  celle  d'iSth  (f,k)  qui  resuite  the  or  i 
quenent  d'une  onde  pure  de  frequence  f  et  de  ncrrifare  d'onde  kQ. 


Stu  =  A 
th  max 


sin  nT  (fo~f) 
nT  (fQ-f) 


sin  HZ  (ko  k) 


32 


nz  (kQ-k) 


Les  figures  6  et7  montrent  des  conparaisons  entre  le  spectre  experimental  et  le  spectre  theorique 
pour'  deux  rates  spectrales  obsexvfes.  On  uoit  que  ces  rates  reprfisentent  des  andes  de  frequence 
et  de  longueur  d'onde  stable  pendant  la  durfie  de  1 'echantillon,  c'est-3-dire  pendant  une  duc6e 
de  3  lours. 


arreurs  sur  les  caractferlstlques  d'une  onde  de  gravity 

Pour  es timer  les  erreurs  Au,  At  et  Ak  sur  1 'amplitude  u  (z)  la  phase  t  (zj  et  le  ncxnbre 
d'onde  k  d'une  aide  de  gravity,  on  supposera  que  t  varie  lin&airement  avec  1 'altitude  aux  erreurs 
de  mesure  prSs 


t  (z)  =  23  kz  +  1  +  At  (z) 

k  et  1  peuvent  Stre  determinees  par  une  methode  de  regression  1  1 nf?ai re ,  3  condition  de  connaltre 
la  loi  de  variation  de  At  en  fonction  de  1 'altitude.  Nous  admettons  que  i'erreur  a  une  phase  aie- 
a  to  ire,  d'oO 

At  =  Arc  sin  ( — ~ — ) 

et  que  Au  est,  en  pranlAre  approximation,  independant  de  1 'altitude.  La  methode  de  regression 
lineaire  permet  de  determiner  At  (z)  et  1 'equation  preo6dente  permettra  d'obtenir  Au  puisqu  on 
conn ait  u  (z) .  On  trouve  que  la  valeur  quadratlque  moyenne  de  Au  est 


Au  =  2  3  3  m/s 


On  peut  "oir  d'autre  part  que  si  un  point  t  (z)  est  tr£s  eioigne  de  la  droite  (>9G  )  il 
oorrespord  3  une  .aleur  u  (z)  infer ieure  3  2  m/s  ce  qui  est  une  preuve  experimental  de  la 
determination  pr6cedente. 

On  explique  ainsi  pourquoi  la  phase  de  l'onde  de  gravite  de  la  figure  5  presentc  des  fluc¬ 
tuations  par  rapport  3  une  variation  lineaire.  On  voit  en  effet  que  1' amplitude  de  cette  orde 
est  trSs  petite. 
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D'autre  part  on  salt  que  la  variance  de  1 'estimation  de  k  est 


2ii  Ak  = 


a 


-l 


(z^z) 2 


oQ  N  est  le  ncirbre  c  'altitude  z^  oonsidfirfees  dans  la  regression  linSaire,  z  1 'altitude  moyenne 
et  0  la  variance  de  $  (z) . 

Avec  85  km  <  z^  <  105  km  et  a  =  1  radian,  on  a  : 


La  variance  de  i.a  longueur  d'onde  est  donn&e  par 

AX  =  X2Ak 


On  voit  que  plus  X  sara  grand,  moins  sa  determination  sera  precise.  En  particulier  une 
valeur  de  X  supgrieure  a  150  km  ne  permettra  plus  de  savoir  dans  quelle  direction  la  phase  de 
l'onde  se  propage. 

Autres  cas  observes 


On  oonstate  parfols  que  le  spectre  S  (f,k)  3  la  frequence  f  donn6e  n'a  pas  la  forme  th&o- 
rique.  Deux  cas  se  presen tent  : 

a)  II  y  a  deux  pics  distlncts  j  on  peut  interpreter  le  r6sultat  obtenu  acme  la  superposition 
de  deux  orries  de  frequences  f gales  ou  proches,  mais  de  longueur  d'onde  diff&rente  (figure  8  ) 

b)  On  a  m  pic  trds  Plargi  ;  par  rapport  3  Xa  forme  thfiorique.  On  peut  interpreter  ceci  ocitme 
le  r^sultat  de  la  superposition  d'au  moins  deux  ondes  de  gravity  de  longueur  d'onda  proche. 

Dans  ces  conditions,  la  longueur  d'onde  ne  pourra  Stre  determines  qu'avec  une  erreur  plus  grande 
que  1 'erreur  prdo6derment  calcul^e .  (figure  9). 

Pouvolr  sfeparateur 

On  utilise  la  m&m;  definition  qu'en  opUque.  On  ne  peut  sfiparer  deux  ondes  de  gravity  que 
si  Xes  maximum  d«ss  spectres  sont  assez  M.oign3s.  La  plus  petite  valeur  Ak  que  l'on  peut  Sparer 
e3t  telle  que  lorsque  la  valeur  du  spectre  est  maximum  pour  l'onde  de  ncmbre  d'onde  k,  elle  eat 
noy#e  dar.s  le  bruit  pear  l'onde  de  nembre  d'onde  k  +  Ak  (soit.  du  maximum  du  spectre)  . 

On  en  tire 

Sin  112  Ak _ l2  _  _1_ 

HZ  Ac  J  10 

soit  Ak  =  -2zZL. 

r  ~  j 

Pour  z  3  20  km,  on  a  |  Ak  =  —  km  1  j 


L' erreur  dQe  3  la  regression  line  airs  etait  de  1  km  1  dans  le  cas  oQ  le  spectre  u>  (f,k) 
Stait  celul  d'une  onde  pure.  Lorsque  ce  n'est  pas  le  1  Jcas,  on  salt  qu'il  y  a  plusieurSj ondes 
de  gravite,  mala  leur  determination  pourra  fttre  entAcii6e  d'une  erreur  atteignarit  — km  . 

Les  figures  9  et  lOrrontrent  des  exerples  oO  l'on  peut  Sparer  les  ondes  de  gravity  et 
des  cas  oO  e'esc.  injossible. 

Ui  nAne  il  exlste  une  llmite  Af  telle  que  si  la  frequence  de  2  ondes  de  gravity  est  inf  6- 
rlcaie  3  Af,  en  ne  peut  plus  les  s^parer. 


oO  T  es;  la  pSriode  de  1 'Ochantlilcn. 
Pour  T  =  72  heures  Af  =  — —  heure 


ZVH 


Hi  ~  Stabllitg  de  ja  lcncp.eur  d'onde  deg  ondea  de  gravitg 


Pour  gtudier  la  variation  des  ondes  de  gravitg  au  oours  du  beepe  „  on  a  effectufi  une  sgrie 
d' analyses  harmoniques  sur  dee  gchantillons  de  durge  ggale  A  3  jours.  Cheque  gchantillon  est  dg~ 
ca!6  d'un  jour  par  rajport  au  precedent.  On  a  ofcrtenu  ainai  9  analyses  harmorviques  du  20  Avrll  1970 
au  30  Avrll  1970.  Sur  chacure  d' el  lea,  cn  a  charchg  &  reoonnaitre  lea  ondes  de  gravity  en  utiliaant 
les  critfires  dgfirtis  au  ciupltre  prgo&dent.  La  pgriade  de  oes  ondes  a  gtg  dgtarminge  seulemsnt  par 
les  maximjm  du  spjctre  de  puissanoR. 

On  a  estimg  la  dur'v'  de  vie  d'une  cnde  de  gravity  en  charchant  le  ncenhre  d 'gchantillorui  sur 
lequel  une  onde  d 1  une  pgr  icicle  donnge  gtait  pr 4 sente .  Cn  en  a  dgduit  un  histogramme  dormant  la 
durge  de  vie  en  function  du  norbre  d'gchantl lions. 

On  voit  que  trgs  peu  d 'ondes  sent  prgsentes  plus  de  3  jours,  oe  qui  confirms  qu'il  est  il- 
lusoire  de  faire  des  analyses  harmoniques  sur  des  pgriodes  supgrieures. 

On  constate  dans  quelques  cas  parti  cullers  la  presence  de  la  tn&ne  pgriode  pendant  les  9 
pgr lodes  gtudiges  dans  la  canpagne.  Pour  car actg riser  plus  prficisgment  le  phgnomgne  observg,  on 
a  portg  la  longuuer  d'onde  associge  a  chaque  pgriode  (10h.40,  7h.20,  6h.C0,  4h.50) . 

La  barre  d'erreur  associge  a  chaque  longueur  d'onde  a  gtg  calculge  soit  a  partir  de  la  rg- 
gresslon  lingaire  dans  le  cas  d'une  seule  cnde  soit  a  partir  de  la  longueur  du  "pic"  dans  le  cas 
de  plusieurs  ondes  de  gravitg  insgparables . 

Quand  cn  oonsidgre  involution  de  la  longueur  d'onde  au  oours  du  temps,  on  constate  qu'elle 
presents  d '  inportantes  fluctuations  (figure  12.lS)Si  on  interprSte  oe  fait  en  supposant  que  lorsque 
la  longueur  d'onde  varie  brusquanmt,  or  n'a  plus  affaire  a  la  m&ne  arvde  de  gravitg,  cn  est  conduit 
3  donner  a  ces  ondes  de  gravitg  une  durge  de  vie  plus  courts  que  oelle  donnge  dans  l’histogranme 
de  la  figure  11  .  Le  tableau  I  donne  le  nonbre  d'achanti lions  de  3  jours  od  l’on  constate  la  pre¬ 
sence  de  la  mV  •  onde.  Qi  partant  de  oes  donnge s ,  on  pent  oonstruire  un  nouvel  histogram®  qui 
oorrospor  1  a  la  durge  de  vie  d'une  onde  de  gravitg  du  20  au  30  Avrll  1970. (figure  16)  . 

Conclusion 

Cette  gtude  prgllrunaire  reprgsente  la  premiSre  tentative  pour  observer  Involution  au  cours 
du  terpe  des  ondes  de  gravitg  a  haute  altitude.  On  a  utilisg  pour  cela  une  canpagne  d' observations 
continues  de  lO  jouia,  sur  les  8  cwpagnes  semblables  effectuges  en  1970  ;  d'autre  part,  on  s'est 
llmltg  aouvent  a  des  observations  quail!  <tives  la  oCl  une  gtude  quanti tatives  syst&natique  serait 
a  faire.  Pour  toutes  ces  raisons,  les  rgsultats  dgcrits  doivent  6tre  oonsidgrgs  oawne  pravlsoires . 

On  a  oependant  pu  mettre  en  gvidenoe  une  gtude  de  vie  iroyenne  des  ondes  de  gravitg  a  haute 
altitude,  de  l'ordre  de  2  a  3  jours,  avec  plus  rarement  des  ondes  dont  la  durge  de  vie  peut  at- 
te Indie  6  jours.  XI  serait  intgressant  de  caiparer  oes  ordres  de  grandeur  a  la  durge  de  vie  des 
phgnamgnas  mgtgorologlques  qui  pourraient  ktre  une  source  (directe  ou  indirecte)  des  ondes  de  gra¬ 
vitg  observges  dans  la  haute  atirosphSre. 
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Fig.  1 3  Variation  du  nombre  d  onde  en  fonction  de  l’echantillon.  T  —  6h  00  AvriJ  1970  Fig. 14  Variation  du  nombre  d’onde  en  fonction  de  l’ichantillon.  T  =  5h  40  AwiJ  1970 
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SOMAIRE 


Ob  a  analys A  an  detail  das  donnAes  obtenues  de  196U  A  1968  grace  A  ur.  sondeur  (ou  "Radar  IIP") 
par  rAtrodiffusion,  A  haute  frAquencc  at  false eau  Atroit,  avec  balayage  en  site  et  azimuth,  situA  A 
Boulder,  Colorado,  Catte  analyse  a  rAvAlA  que  la  "structure  irrAguliSre"  de  1* ionosphere  aux  latitu¬ 
des  aoyennes  constitue  la  rAgle  gAnArale  plutSt  qu'une  exception.  Den  irrAgularitAs  d'ampleur  et  de 
aouvsment  apparent  varies  furent  obssrvAes  dans  environ  90  t  des  cas,  Les  "signatures"  observes  par 
ce  SystAme  Radar  HF  ont  At  A  classAes  en  huit  types  gAnAriquea  auxquels  on  a  attribuA  des  name  qui 
dAcrivent  approximxtivement  leur  aspect  sur  l'enregistrement  du  balayage  en  site  et  azimut,  L'auteur 
examine  la  frequence  d' apparition  relative  de  ces  signatures  suivant  le  moment  du  jour  et  la  saison, 
aiusi  qua  leur  correlation  avec  le  cycle  qualitatif  des  taches  solaires  et  le  gAomagnAtisme, 

Un  type  particulier  de  "signature"  a  AtA  analyst  grace  A  une  trajectographie  A  trois  dimen¬ 
sions,  avec  calculi  sur  ordinateur,  mise  au  point  A  l'XTS  j  on  fit  appel  A  des  donnAes  expArimenta— 
lea  pour  modifier  un  mod Ale  de  perturbation  causAe  par  une  onde  de  gravity  atmosphArique,  L'  "enre- 
gistraaent  de  rAtrodiffusion  eyntbAtique"  a'avAra  assez  proche  de  l'enregistrement  expArimental  ef- 
fectuA  grace  au  Radar  HF  pour  justifier  l'utilisation  de  cette  mAthode  dans  1'interprAtation  dea  don- 
nAes  de  rAtrodiffusion, 
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MIDLATITUDE  IONOSPHERIC  STRUCTURE  AND  MOTION 


Fobert  D.  Hunsucker  * 
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■ _ -SUMMARY 


Oata  acquired  from  1964  -  1968  with  a  narrow-beam  azimuth  and  elevation  scan  high-frequency  back- 
scatter  sounder  (or  "HF  Radar")  located  at  Boulder,  Colorado,  have  been  analyzed  In  detail.  This  analysis 
has  revealed  that  the  "Irregular  structure"  of  the  midlatitude  Ionosphere  is  the  rule  rather  than  the  ex¬ 
ception.  Irregularities  of  varying  scale  size  and  apparent  motion  were  present  in  about  90*  of  the  obser¬ 
vations.  The  "signatures"  observed  by  this  HF  Radar  System  have  been  categorized  Into  eight  generic  types 
which  have  been  labelled  with  names  roughly  describing  their  appearance  on  the  range-azimuth  scan  record. 
The  relative  diurnal  and  seasonal  occurrence  as  well  as  the  qualitative  sunspot  cycle  and  geomagnetic 
correlation  of  these  signatures  are  presented. 

One  particular  type  of  "signature"  was  analyzed  using  a  three-dimensional  computer  ray-tracing 
technique  developed  at  ITS,  utilizing  experimental  data  to  modify  an  atmospheric-gravity-wave  disturbance 
model.  The  "synthetic  backscatter  record"  was  sufficiently  similar  to  the  experimental  HF  Radar  record  to 
justify  this  approach  In  the  interpretation  of  backscatter  data. 


I.  INTRODUCTION 

Hany  investigators  have  utilized  the  HF  backscatter  technique  to  measure  various  parameters  of  the 
ionosphere,  beginning  In  the  early  1950's.  Some  of  these  investigators  have  been  concerned  with  the 
characteristics  (height,  speed,  direction  of  motion,  and  structure)  of  patches  of  sporadic-E  ionization 
[Vi  I  lard,  et  al.,  1952;  Clark  and  Peterson,  1956;  Shearman  and  Harwood,  1958;  Harwood,  I960,  1961;  Bates, 
1961;  Duello,  1962;  Egan  and  Peterson,  1962;  Steele,  1964;  Bates,  1965).  Other  investigators  utilized  the 
technique  to  ascertain  irregularity  structure  In  the  F-reglon  [Vlllard  and  Paterson,  1952;  Sllberstein, 
1954;  Shearman,  1956;  Peterson,  1957;  Wilkins  and  Shearman,  1957;  Wlddel,  1957;  Stein,  1958;  Valverde, 

1958;  Bates,  1959,  1961;  Egan  and  Peterson,  1963;  Ranzl  and  Domlnicl,  1963;  Tveten,  1961;  Duello,  1963; 
Davis,  et  al.,  1964;  Wickersham,  1964;  Gilliland,  1965;  Croft,  1967;  Hunsucker  and  Tveten,  1967;  Croft, 
1968], 

The  purpose  of  this  paper  Is  to  present  the  results  of  observations  of  the  midlatitude  Ionosphere 
using  a  narrow-beam  high-frequency  (HF)  obi  I  qua- Incidence  backscatter  sounder  scannable  In  azimuth  and 
elevation  which  has  been  developed  at  the  Institute  for  Telecommunication  Sciences  in  Boulder,  Colorado. 
Except  for  the  cases  of  direct  backscatter  from  meteor  and  intense  sporadic-E  ionization  and  some  F-region 
irregularities,  the  data  obtained  are  ground  backscatter  (gro^ndscatter)  "signatures".  It  Is  quite  im¬ 
portant  to  emphasize  the  point  that  the  cathodo-ray-tube  (CRT)  photographs  displayed  in  this  paper  are 
simply  the  "backscatter  signatures"  obtained  by  this  particular  system.  In  order  to  quantitatively  de¬ 
scribe  the  actual  ionospheric  perturbations  responsible  for  some  of  the  more  esoteric  "signatures",  It  is 
necessary  to  use  rather  sophisticated  analysis  techniques. 

There  are  four  or  five  backscatter  sounding  techniques  which  have  been  utilized  to  provide  most  of 
the  observations  of  Ionospheric  phenomena  reported  in  the  literature.  Each  of  these  techniques  are  briefly 
described  In  Table  1. 


II.  EXPERIMENTAL  RESULTS 

The  Institute  for  Telecommunication  Sciences  (ITS)  scan  backscatter  sounder  (or  "HF  Radar")  located 
near  Boulder,  Colorado,  is  unique  in  Its  combination  of  narrow  antenna  beamwidths  in  the  HF  region,  simul¬ 
taneous  azimuth  and  elevation  scan,  and  the  ability  to  be  rapidly  "stepped"  through  several  frequencies 
during  a  scan  period.  Descriptions  of  some  of  the  equipment  parameters  may  be  found  In  publications  by 
FltzGerrell,  et.  al.,  [19661;  Hunsucker  and  Tveten  [19671;  Tveten  and  Hunsucker  [19691;  and  Hunsucker  [1970]. 
A  more  complete  description  of  the  entire  system  Including  airborne  antenna  measurements  of  the  antenna 
radiation  patterns  was  published  by  Hunsucker  (1969).  The  system  produces  two  fan  beams,  one  scanning  in 
azimuth  and  the  other  simultaneously  scanning  in  elevation.  The  horizontal  scan  fan  beam  Is  2°  -3°  be¬ 
tween  azimuthal  half-power  points,  and  the  elevation  scan  beam  Is  3°  -4°  between  vertical  half-power  points 
for  the  frequencies  used  In  this  investigation. 

A  picture  of  the  receiving  antenna  system  is  shown  in  Figure  I,  and  a  block  diagram  of  the  receiving 
system  basic  electronics  Is  shown  in  Figure  2.  Table  2  lists  the  most  Important  parameters  of  the  azimuth 
and  elevation  receiving  systems,  and  Figure  3  shows  the  geographical  area  scanned  by  the  azimuth  array  as 
a  function  of  operating  frequency. 

The  backscatter  film  data  discussed  In  this  and  following  sections  of  this  paper  were  obtained  using 
the  ITS  Scan  Backscatter  Sounder  during  the  period  October,  1964,  through  June,  1968.  Typically,  the 
sounder  was  operated  for  I  -  10  days  per  month  during  this  period  and  It  took  two  minutes  to  acquire  each 

*  Formerly  at  the  Institute  for  Telecommunication  Sciences,  Office  of  Telecommunication,  Boulder, 
Colorado  80302. 
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Table  1. 


Ionospheric  Backscatter  Techniques 


Technique 

Typical 

Frequency 

Range 

(MHz) 

Typical  Antenna 

Ha  If -power  Beam- 
widths  (degrees) 

Characteristics 

Reference 

Range-azimuth  ) 

scan 

12-25 

Azimuth  Elevation 

3°-l.5°  4.2°-2. 1° 

High  angular 
resolution 

Limited 
scan  width 

Hunsucker 
and  Tveten 

0367) ; 

Tveten  and 
Hunsucker 

(1969) 

Range- t 1 me 

Fixed 

frequency 

(HF) 

20'-30° 

-40* 

Good  range 
resolution 

Poor 
angu 1 ar 
resolution 

Tveten 
(1961); 
ftanzi  and 

Dom 1 n 1 c 1 

(1963); 

Sweep  or  step 

3-25 

-20° 

Resolution 

Very  poor 

SI  Ibersteln 

frequency 

4-64 

105°  -60° 

in  frequency 
dome  I n 

angular 

resolution 

(1954); 

Bates  0  966) 

Rotating  antenna, 

PPI  display 

Fixed 

frequency 

(HF) 

-40°  -30° 

Large  area 
survel 1  lance 

Poor 

angular 

resolution 

Peterson, 
Egan  and 
Pratt  0959) 

Rotatable  fixed 
frequency 

Fixed 
frequency 
(16  MHz) 

8°  -15° 

Qu  I  te  good 

angular 

resolution 

Long 

rotation 

time 

(2-3  min.) 

Thomas  and 

McNichol 

(I960). 

data  photograph.  A  complete  azimuth  and  elevation  scan  takes  12  secondsi  so  each  data  photo  Is  an  inte¬ 
gration  of  10  scans.  The  occurrence  statistics  in  this  section  are  based  on  analysis  of  18,330  data 
photographs  acquired  starting  near  the  minimum  phase  (sunspot  Number  »I0)  and  ending  near  the  maximum 
phase  (SSN  =>  1 06)  of  Solar  Cycle  20. 


Figure  4  shows  the  data  format  for  the  azimuth  and  elevation  scan  backscatter  data  photographs  and 
illustrates  the  type  of  "signature"  that  one  observes  on  this  type  of  backscatter  data  display. 


An  attempt  has  been  made  to  categorize  these  signatures  into  eight  generic  types  which  have  been 
given  names  roughly  describing  their  appearance  on  the  range-azimuth  record.  Although  the  signatures 
being  described  apply  to  the  aximuth  scan  record,  the  elevation  scan  data  are  also  Included  and  both  have 
been  dlr.cusied  In  detail  by  Hunsucker  [  1 9691  - 


A  typical  signature  designated  as  a  "patch"  (P)  is  shown  In  Figure  5.  It  generally  has  a  roughly 
circular  or  elliptical  shape,  always  is  observed  at  ranges  less  than  the  "uniform"  echo,  and  always 
appears  to  move  approximately  parallel  to  the  time  delay  markers  (left-to-rlght  or  r ight-to- lef t) . 
Another  signature  is  shown  in  Figure  6  and  is  called  "bands"  (B)  because  it  consists  of  two  or  more 
echoes  structured  In  roughly  parallel  bands  which  appear  to  move  in  a  direction  perpendicular  to  their 
major  dimens  ion. 


Additional  examples  of  the  "signatures"  observed  using  the  ITS  azimuth  and  elevation  scan  system  as 
well  as  many  examples  of  data  obtained  by  other  backscatter  techniques  are  contained  in  a  data  atlcs  re¬ 
cently  published  (Hunsucker,  1970]. 


Occurrence  statistics  for  the  various  signatures  observed  with  the  ITS  backscatter  sounder  are  pre¬ 
sented  by  Hunsucker  (1971  a]  and  summarized  in  Table  3-  The  most  commonly  observed  signature  was  the 
(HSB)  type.  Examination  of  Table  3  reveals  that  only  the  hook  (H)  and  patch  (P)  signature  types  are 
nighttime  echoes  while  all  the  others  show  maximum  occurrence  during  the  daytime.  The  medium-slzed-blob 
and  fine  structure  types  are  the  most  common  echoes  and  the  H  type  Is  the  least  common.  The  LSB,  FS  and 
P  signatures  show  a  clear  maximum  during  mid  summer;  the  B-type  echo  appears  tc  be  a  wintertime  phenom¬ 
enon  and  the  remainder  of  the  signatures  show  mixed  seasonal  occurrence  statistics.  The  association  of 
signature  type  with  sunspot  activity  was  done  on  a  daily  basis,  and  the  comparison  with  geomagnetic 
activity  used  3“houriy  Kp  values.  The  data  were  of  such  a  nature  that  strictly  quantitative  comparisons 
could  not  be  made;  so  the  last  two  lines  In  Table  3  show  a  plus  sign  (+)  for  a  positive  association,  a 
minus  sign  (-)  for  negative  association  and  a  zero  (0)  for  no  association. 


DISCUSSION  OF  RESULTS 


The  purpose  of  this  section  Is  to  attempt  to  gain  some  Insight  Into  the  nature  of  the  Ionospheric 
Irregularities  which  produce  certain  "signatures"  observed  by  this  particular  backscatter  system.  The 
approach  used  here  Is  to  analyze  one  of  the  characteristic  signatures  in  considerable  detail  utilizing 
whatever  other  simultaneous  geophysical  data  are  available  [Hunsucker,  1971  b] . 
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Table  2.  -  System  Parameter! 


Azimuth  Array  (1332  ft.  aperture) 

Elements:  Log  periodic  horizontally  polarized  transposed  dipolis 
Frequency,  12-25  MHz 
Gain,  5  dB  above  isotropic 
Front-to-back  ratio,  20  dB 
E  plane  beamwidth,  72* 

H  plane  beamwidth,  115* 

Element  spacing:  17.67  m 

Element  height  above  ground:  2k, 38  m 

Boreslghc  azimuth:  ilk*  true  bearing 


Hor 1 zonta 

Antenna 

Horizontal 

Main  lobe 

Width  of  sector 

Frequency 

(MHz) 

beamwidth  (deg) 

elevation 

(deg)  scan  (deg) 

12 

3.0 

Ik. 8 

90 

15 

2.3 

li.8 

69 

18 

2.0 

9-8 

56 

21 

1.7 

8.k 

k8 

25 

1  ,k 

7.1 

kO 

Elevation  Array 

(1000  ft.  effective  aperture) 

Elements : 

Same 

as  for  azimuth  array 

Element  Spacing 

First  element  8  m  above  ground  and 

remaining 

ones  successively  spaced  at  16  m 

Bores Ight 

azimuth:  Ilk*  true  bearing 

Vertical 

Antenna 

Vertical  beamwidth 

Effective  Elevation  sector 

Frequency 

(MHz) 

(deg) 

scanned  (deg) 

12 

k.2 

3-52 

15 

3.2 

2.6-39 

18 

2.8 

2.3-32 

21 

2.k 

1 .9-26 

25 

2.0 

1 ,5-22 

Table  3 


Signature  Type 

Occurrence 

Stat 1st les 

U 

LSB 

MSB 

FS 

T 

H 

B 

p 

Relative  Occurrence* 

.31 

■  33 

1.0  . 

■  97 

.57 

.18 

.3k 

.kl 

Diurnal  Peak  Occ . 

08-11 

Ik-15 

12-lk 

09-16 

08-16 

l8-2k 

08-16 

21  -2k 

Diurnal  Min.  Occ. 

17-19 

00-07 

00-06 

00-06 

1  i-lk 

00-08 

17-2k 

ll-lk 

Seasonal  Peak  Occ. 

April  S 
Nov. 

Juno 

July 

Jan.  A 
July 

Ju  1  y 

May 

May 

Feb. 

Dec . 

July 

Seasonal  Min.  Occ. 

July 

Aug . 

Apr  1 1 

Ma'-ch 

April 

Equ i noxes 

— 

March 

April 

July 

March 

Cor  relation  with 
sunspot  Number 

4 

- 

- 

- 

0 

+ 

- 

Correlation  wl th 
Geomag.  Activity 

0 

- 

♦ 

4 

4- 

4- 

_j 

*  Normalized  to  MSB  ■  1.0 
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Figure  6  illustrate?  the  "Bands"  signature  and  them  Is  considerable  evidence  that  this  type  of 
signature  Is  caused  by  travel Ing- lonospher 1 c-d I s turbsnces  (TIDs)  which  are  man  I festat Ions  of  Interna! 
atmospheric  gravity  waves  (Mines,  I960;  Hunsucker  and  Tveten,  1967;  George.,  and  Stephenson,  1969).  Ir> 
particular,  Georges  and  Stephenson  (1969]  use  an  Ionospheric  model  perturbed  by  a  gravity  wave  to  simu¬ 
late  a  record  with  the  "bands"  signature.  Tibs  have  been  classified  as  "Very  large,  Medium-Scale,  and 
Small-Scale"  disturbances  by  Georges  (1967).  He  lists  some  of  the  characteristics  of  the  "medium'  scale" 
TIO  as; 

1.  Always  travel  at  speeds  of  less  than  300tn/sec. 

2.  Have  periods,  10  min  <T<  40  min. 

3.  Appear  mainly  In  the  daytime. 

4.  Are  not  well  correlated  with  any  known 
geophysical  events. 

5.  Often  appear  as  "trains". 

A  backscatter  "band  observation  at  1330  MST  (2030  UT)  on  November  17,  1966,  at  a  frequency  of 
17.4  MHz  is  chosen  as  the  "signature"  to  be  analyzed.  This  observation  war.  made  during  a  relatively 
undisturbed  day,  geomagnet lea  I ly . 

Vertical  Incidence  Ionospheric  soundings  were  available  during  chls  period  from  stations  at  Ponca 
City,  Oklahoma;  Texarkana,  Arkansas;  and  Springfield,  Missouri  --  all  In  the  scan  sector  of  the  back- 
scatter  sounder.  The  vertical  lonograms  from  tiiese  stations  at  the  time  of  the  backscatter  observation 
indicate  that  the  ambient  ionosphere  was  quite  uniform  over  a  large  part  of  the  scan  sector. 

A  "true  height  analysis"  was  performed  on  each  of  the  vertical  lonograms  to  obtain  the  vertical 
electron  density  distributions  and  to  define  the  heights  of  layer  maxima  (h  max)  and  the  scale  heights 
(H) .  The  mosf.  Important  layer  parameters  are  listed  in  Table  4,  showing  In  a  more  quantitative  manner 
that  the  ambient  Ionosphere  was  quite  uniform  over  a  large  horizontal  region  of  the  backscatter  scan 
sector . 


Table  4. 


E-Layer 

F-layer 

Station 

fc  (MHz) 

h  (km) 
m 

H  (km) 

fc  (MHz) 

h  (km) 
m 

H  (km) 

Poncn  C I ty 

2.94 

11;. 

8.70 

9-93 

257. 

36.1 

Springfield 

2.86 

122. 

1  1  .3 

9-99 

273. 

35.8 

Texarkana 

3.05 

129. 

13.7 

9.67 

289. 

42.2 

Averages 

2.95 

121 . 

II. 1 

9.86 

273. 

_ 

38.’ 

The  average  values  of  the  parameters  listed  In  Table  2  are  used  to  describe  a  double,  concentric 
a-Chapman  layer  defined  by 


*1  -«"**.] 

<5  i 


C-2 


exp 


[>  *2. 


where 

fN  •  plasma  frequency 

*1  -  (h  -  h^/Hj 

z2  '  (h  *  hm2)/Hz 

h  -  height  above  ground 

f  -  critical  frequency  of  F-layer  (MHz) 

*-1 

f  -  critical  frequency  of  E-layer  (MHz) 
c2 

Hj  ■  scale  height  of  F-leyer  (km) 

H2  “  scale  height  of  E-layer  (km) 

h  «  height  (km)  of  F-layer  maximum  Ionization  density 
ml 

h  ”  height  (km)  of  E-layer  maximum  Ionization  density 
0^2 


This  ambient  ionosphere  perturbed  by  the  wave  model  discussed  later  is  used  to  obtain  the  "3D  ray- 
sets"  In  computer  programs  developed  bv  Jones  (1966),  and  Stephenson  and  Georges  C969]. 

There  Is  considerable  evidence  which  Indicates  that  the  "medium-scale"  TICs  cannot  always  be  observed  0.1 
vertical  lonograms  but  can  be  detected  by  other  more  sensitive  radio  techniques  such  as  Doppler  or  oblique 
backscatter  soundings.  Another  method  of  observing  the  medium  scale  TIDs  is  to  scale  the  variation  of 
Ionospheric  virtual  height  with  time  at  selected  fixed  frequencies  from  vertical  lonograms.  Figure  7 
shows  plots  of  virtual  height  variations  during  the  backscatter  observations. 


oil 


In  order  to  determine  the  fixed  frequencies  on  the  verticil  lonogram  which  pertain  to  the  iono- 
spheric  region  where  the  backseat t*r  sounder  Indicates  TIPs,  the  following  technique  was  used,  first, 
from  the  backscatter  azimuth  and  elevation  record  at  2030  (JT  the  delay  time  end  elei/cilnn  angle  were 
recorded.  Next,  these  values  of  elevation  angle  and  delay  time  were  used  as  input  to  a  computer  program 
developed  et  ITS  to  calculate  secant  i  for  curved  earth,  parabolic  Ionospheric  electron  density  distribu¬ 
tion.  Or,  alternatively  a  nomogram  described  Iri  detail  by  Tvaten  and  Hunsucker  1 1 969]  war  used.  This 
secant  y  value  and  the  radar  operating  frequency  were  then  used  In  the  secant  ) «ty  to  obtain  the  appro¬ 
priate  plasma  frequencv  to  ue  scaled  on  the  vertical  lonosonde  record.  The  values  obtained  (5.5,  8.0, 
and  9.0  MM:)  were  then  the  plasma  frequencies  corresponding  to  the  locations  of  the  lonosondes  at  'Ponca 
City,  Springfield  and  Texarkana  respectively.  In  relation  to  the  radar  operating  frequency.  The  back- 
scatter  delays  were  measured  at  the  appropriate  azimuth  angle  for  ewch  lonosonde  location.  The  vertical 
line  In  figure  7  lndica.es  the  time  6f  the  beckscatter  observation  and  the  arrow  at  1720  UT  shows  a  mag¬ 
netic  storm  sudden  commencement  (SSC) .  Nagnetograms  from  Dallas,  Texas,  were  examined  in  detail  and 
there  was  no  correlation  between  the  Ionospheric  and  magnetic  date.  1 

t 

Examination  of  the  simultaneous  backscatter  observations  and  virtual  height  variations  (Figure  7) 
reveals  the  following  characteristics  of  this  TI0  signature: 

a.  fhe  TIDs  appear  In  "‘trains"  (from  backscatter  record)  , 

b.  The  approximate  horizontal  TID  separation  Is  =225  km. 

(Estimated  from  backscatter  record.) 

\  4 

c.  The  periods  range  from  -IS  to  30  minutes  (from  Fig.  7). 

d.  The  vertical  wavelength  Is  =225  km  (from  Fig.  7). 

e.  There  is  no  apparent  correlation  with  magnetograph  variations. 

Comparing  these  observations  with  the  "medium  scale  TID"  characteristics  listed  at  the  beginning 
of  this  section  seebis  to  justify  our  working  hypothesis  that  we  are,  Indeed,  observing  the  medium  scale 
TIDs. 

i 

The  ambient  Ionosphere  described  earlier  in  this  section  Is  non  perturbed  with  the  "medium  scale" 
gravity  wave  model  developed  by  Georges  and ( Stephenson  [1969]  modified  by  the  results  of  the  experimental 
backscatter  ana  vertical  incidence  data  obtained  at  1330  MST  November  17,  1966.  Mathematically  the  com¬ 
plete  model  Is  described  by  the  equations  [Georges  and  Stephenson,  1969,  p.  682] 

N  -  N0  (I  +  V) 

'  i 

and  ^  (R— R  ) 

7  -  4exp  (-[(R-R  -z  )/N‘]Z}cos  2s  [t '  -  r^-  ♦  — r-S-  ]  ’ 

'  x  V  , 

where  . . . 

R  «  distance  from  the  center  of  the  earth 
n  ■  polar  angle  &  -  latitude) 

‘  -sy  !  : 

Re  »  radius  of  the  earth 

*Nq  «  the  double  Chapman  layer  described  earlier 

*lQ  m  height  of  maximum  wave  amplitude  1 

H'  •  the  wave  amplitude  "scale  height" 

*4  -  perturbation  wave  amplitude 

«  horizontal  wavelength 
*X  -  vertical  wavelength 
t1  •  time  In  wave  periods 

The  asterisks  denote  quantities  determined  experimentally,  and  the  remaining  Quantities  are  obtained 
from  the  theoretical  gravity  wave  nxjdel.  The  next  step  Is  to  carry  out  a  three-dimensional  (30)  ray 
tracing  through  this  model  to  obtain  the  "rayset"  cards,  which  are  then  used  in  the  backscstter  simulation 
program. 

i  *  i  ! 

Figure  8  shows  the  experimental  azimuth  scan  record  pn  the  left  and  the  synthetic  beckscatter  rec¬ 
ord  from  the  3D  ray  tracing  and  simulation  on  the  right  for  1330  HST  on  November  17,  1966.  Before  i 

attempting  a  detailed  comparison  between  the  two  records,  several  features  of  the  experimental  i ecord 
should  be  explained:  (I)  the  vertical  band  near  the  center  of  the  azimuth  scan  sector  Is  due  to  strong 
HF  Interference  and  will  not,  of  course,  appear  on  the  synthetic  record.  (2)  the  receiver  video  gain 
was  set  too  high  and  consequently  there  were  some  saturation  effects  In  the  cathode-ray-tube  and  photo¬ 
graphic  recording  process. 

There  are  so ne  strong  similarities  between  the  two  records:  (I)  r.hp  "band"  structure  is  at  the 
same  range  of  time  delays  In  both  records.  (2)  the  orientation  and  curvature  of  the  bands  Is  very  sim¬ 
ilar  (3)  there  are  ipproximately  the  same  number  of  bands  In  both  records. 

The  strong  focused  echo  between  8  and  10  msec  delay, In  the  experimental  record  does  not  appear  In  1 
the  synthetic  record.  From  examination  of  several  experimental  azimuth  and  elevation  scan  records  and 
evaluation  of  the  experimental  parameters,  It  appear  s  that  this  echo,  is  ,rx>st  probably  a  combination  of  a 
gain  saturation  and  an  antenna  sldelobe  (equ i pment)  effect. 
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In  summary,  trier#  are  enough  similarities  between  the  experimental  backscattar  TID  signature  and 
the  simulated  record  to  suggest  that  this  analytical  approach  is  a  valid  one.  However,  In  applying  the 
ray-tracing  simulation  approach,  one  must  always  remember  that  the  basic  question  of  "uniqueness"  re¬ 
mains  unanswered.  That  Is  to  say,  wll,  different  Ionospheric  perturbation  models  produce  essentially 
the  tame  simulated  signature? 

An  ever,  more  difficult  problem  Is  the  attempt  to  ascertain  the  nature  of  the  source  of  the  Internal 
gravity  waves  that  produce  the  TIDs.  The  difficulty  of  this  problem  Is  illustrated  by  the  following 
crude  entenna-array-factor  analogy.  One  may  roughly  consider  the  source  of  the  disturbances  as  a  rad¬ 
iator  of  energy  In  the  internal  gravity-wave  mode  which  is  then  multiplied  by  several  antenna-array 
factors  and  finally  convolved  with  the  ■-esponse  characteristics  of  the  particular  observing  system,  a> 
shown  In  figure  9- 

Thu  energy  sources  of  Internet  gravity  waves  ere  thought  to  be  numerous  and  to  vary  in  their  loca¬ 
tion  In  altitude  from  the  surface  of  the  earth  to  ionospheric  heights  [Georges,  1968],  but  relatively 
nothing  Is  known  about  their  polar  diagrams,  f.e.  whether  they  radiate  energy  Isotropically  or  In  a 
multl-lobcd  manner,  for  sources  located  low  In  the  atmosphere,  the  source  polar  diagram  would  have  to  be 
multiplied  by  array  factor  I,  which  describes  the  atmospheric  wind  structure  existing  at  the  time  [c.f. 
Hines  and  .Teddy,  196/].  Array  factor  2  represents  the  Ionospheric  response  to  Internal  gravity  wanes , 
which  Is  highly  anisotropic,  as  lies  been  shown  recently  by  Hooke  [I9'.'Q|.  Lastly,  array  factoi  3  repre¬ 
sents  the  response  characterlst les  of  the  particular  radio  technique  used  to  detect  the  TIDi  (e.g.,  HF 
backscattar  sounders,  spaced  ionosondes,  Thomson  scatter  radar,  Faraday  rotation).  Each  of  the  various 
radio  techniques  will  Inherently  be  Masod  in  such  a  way  as  to  emphasize  certain  character  I  s  t  les  of  the 
TIOs. 


The  ^receding  discussion  is  only  Intended  to  portray  some  of  the  difficulties  one  encounters  In 
attempting  to  gain  Information  on  the  ultimate  source  of  the  TIDs  that  are  observed  by  radio  methods. 


IV.  CONCLUSIONS 

The  specific  results  of  ..his  investigation  are: 

A.  Based  on  examination  of  several  thousand  frames  of  data  obtained  with  the  ITS  HF  Radar,  it  Is 
apparent  that  the  "Irregular-structure"  of  the  mldlatl tude  Ionosphere  Is  the  rule  rather  than  the  ex¬ 
ception.  That  is  to  say.  Irregularities  exhibiting  a  wide  variation  in  size  and  lifetime  are  observed 
most  of  thi  time.  The  "uniform"  backscatter  signature  mentioned  In  Table  3  was  only  observed  approx¬ 
imately  6i  of  the  time  during  an  observing  period  of  several  years  spanning  over  one-half  of  a  sunspot 
cycle.  This  midlatitude  ionosphere  "Irregular-structure"  is  largely  "washed  out"  when  one  sounds  the 
Ionosphere  with  the  wide  antenna  beams  jsed  in  most  bacl.sca’  ter  sounding  techniques. 

e.  In  compiling  an  "atlas"  of  fflidlatitude  backscatter  "signatures"  observed  with  the  ITS/ESSA 
high  resolution  HF  radar,  the  signatures  have  been  categorized  Into  eight  generic  types  which  have  been 
labelled  with  names  roughly  descrioing  their  appearance  on  the  range-azimuth  record.  Examination  of 
several  thousand  frames  of  data  has  revealed  that  over  901  of  the  signatures  fall  into  these  eight  class¬ 
ifications  or  their  various  combinations  and  permutations. 

C.  Ore  particular  type  of  signature,  the  "bands"  illustrated  in  Figure  6  has  the  characteristics 
of  the  "medium- scale"  TID  In  Georges'  [1966]  classification  scheme.  If  one  assumes  his  medium-scale 
gravity-wave  TID  model  and  utilizes  experimental  data  to  construct  the  model  and  define  the  ambient  iono¬ 
sphere,  then  perform  a  30  ray-tracing  and  backscatter  slmulat'un  computer  analysis,  a  synthetic  back¬ 
scatter  record  Is  obtained.  There  are  enough  similarities  between  the  experimental  TID  signature  and 
the  simulated  record  to  justify  the  use  of  this  approach  In  the  analysis  of  backscatter  data. 
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Fig.l  Azimuth  and  elevation  scan  receiving  antenna  located  at  ITS  Table  Mountain  Field  Site  near  Boulder,  Colorado 


Or*  of  Four  Boom» . 


Two  Boom*  for  Eoct>  Array 


Fig. 2  Simplified  block  diagram  of  receiver  antenna  system  electronics. 
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Fig. 7  Plots  of  virtual  height  at  fixed  frequencies  from  the  three  vertical  ionosondes  during  the  backscatter 

observation. 
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Fig.8  Experimental  azimuth  scan  backscatter  reocrd  (left)  and  synthetic  backscatter  record  (right)  for  1330  MST 

November  17,  1966. 
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Fig.9  Antenna-array-factor  analogy  for  determiiiution  of  the  nature  of  TID  sources. 
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AN  IMPORTANT  CHARACTERISTIC  OP  SOME 
TRAVELING  IONOSPHERIC  DISTURBANCES 

I.  Ransi  and  P.  Qiorgi 
Centro  Radioelettrico  Sperlmentale 
"0.  Marooni" 

V.  Traetevere  189,00100-Roma-Italy 
SUMMARY 

The  observation  of  the  P2  region  winter  TIDa,  by  means  of  vertical  sounding  on  a  fixed 
frequency,  showed  that  the  occurrence  tine  of  some  TID  groups  anticipates  from  day  to  day 


1.  EXPERIMENTAL  RESULTS 

During  the  last  four  winters,  the  observation  of  large  scale  traveling  disturbances 
(TIDs)  in  the  F2  region  was  carried  out  in  the  experimental  station  of  Torreohiaruooia, 
near  Rome  (lat.  42.03°  N,  long.  11.84°  E),  by  means  of  contemporary  backscatter  sounding 
on  18.6  MHz  and  vertical  sounding  on  6.8  MHz.  Furthermore,  during  some  months,  a  vertical 
sounding  on  6.7  MHz  was  carried  out  at  Pontecohio  Marconi,  near  Bologna  (lat.  44.4°  N, 
long.  11.2°  E),  at  a  distance  of  265  km  from  Torrechiaruccia,  in  the  direction  of  10° 
from  North  to  West  .  The  time  delay  between  the  passages  of  a  given  TID  group  (direoted 
towards  the  equator) ,  over  the  two  stations  presented  a  maximum  value  of  about  30  minutes 
which  corresponds  to  a  speed  of  530  km/hr  along  the  great  oirole  passing  through  the  two 
stations;  an  example  is  reported  in  Fig.1. 

The  vertical  sounding  records,  taken  at  the  main  station  of  Torrschlaruccia,  showed 
that,  during  the  daily  hours,  the  TIDs  generally  appear  as  a  sequence  of  two  or  more 
oscillations  in  the  virtual  reflection  height  or  a  sequence  of  some  focusing  effects, 
which  are  particularly  well  visible  in  the  second  echoes;  the  period  of  each  osoillation 
is  of  the  order  of  one  hour;  furthermore,  these  more  intense  TIDs  appear  in  groups  of 
days,  separated  by  days  of  reduced  activity. 

But  the  more  interesting  characteristic  we  observed  in  many  oases  is  that  the  TID 
sequences  show  a  day-to-day  anticipation  in  their  occurrence  time;  an  example  is  reported 
in  Fig. 2.  During  winter  1971-1972,  the  periods  during  which  such  a  phenomenon  was 
observed  were  the  following:  19,20  and  21  Nov  ;  23  and  24  Nov  ;  29,30  Nov  and  1  Dec  ; 

6,7  and  8  Deo  ;  20,21  and  22  Dec  ;  23,24  and  25  Deo  ;  27,28  and  29  Deo  ;  5,6  and  7  Jan  ; 
12,13  and  14  Jan  .  A  remarkable  similarity  of  structure  was  showed  by  the  TID  trains 
occurring  in  the  various  days  of  a  given  period. 


2.  A  TENTATIVE  EXPLANATION 

If  the  observed  TIDs  were  due  to  gravity  waves  generated  in  the  lower  atmosphere, 
the  propagation  of  these  waves  to  the  F-region  should  depend  on  the  direction  and  the 
intensity  of  the  tidal  winds  at  the  lower  ionospheric  levels,  which  produce  a  filtering 
action;  in  the  case  of  a  moving  souroe  of  the  gravity  waves,  the  time,  on  which  such  a 
propagation  is  allowed,  should  show  a  day-to-day  change  (+). 
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(+)  we  are  indebted  to  Dr.  C.  0.  Hines  for  the  suggestion  of  thie  interpretation. 


TORRECHiARUCCIA 


Fig, 2  The  TID  group  first  appearing  on  the  afternoon  of  December  6,  1971,  is  seen  eariier  on  the  two  following  days. 
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De*  perturbations  ea  forme  d'ondea  furent  obaervSes  dans  1'ioncBphAre  a  la  suite  de  plusieurs 
explosions  auclSaires,  au  d£but  des  arniSes  60,  1*3  ondes  de  choc  superBoniques  crimes  dans  I'atmo- 
aphire  par  des  fusSee  de  grandee  dimensions  peuvent  egalement  dorsner  nuissnnce  a  rtcs  perturbations  de 
densitS  d'Electrona  dans  1* ionosphere,  A  X'occasion  des  lancemento  de  Gaturne-Apollo  12  et  13;  on  a 
utiliaf  un  rtseau  d'obeerration  doppler  de  t raj eta  de  phase  et  enregistrS  tes  dfcylacements  de' frequence 
doppler  dus  a-ix  lancement*  des  fusees,  Des  analyses  de  densitfc  spectrmle  et  dev  inter-corrfelstionj  dea 
enregiatr aments  die  variation  de  friquence  doppler  rSvSlercnt  lea  viteeaes  de  phase  d'arrivfe  de  signaux 
qui  prove anient  du  8ud  du  rtseau,  ayec  700-800  m/s,  et  correapondaient  i  des  pfriodes  de  1 'ordre  de 
2  i  li  minutes.  Den  ioncgraaaes  effectu£s  toutea  lea  6o  secondes  -  partir  de.  Ilea  Wallops  mirent  clai- 
rwent  en  Evidence  des  perturbations  ionosphiriquea  dues  sux  rushes,  Une  analyse  de  hauteur  reexle  des 
ionograjutes  indiqua  que  lea  ondulnti  one  affectant  lea  density  flectroniquer  4  diyeraes  hauteurs  avaient 
une  piriode  de  2  i  l  minutes.  On  eatima  A  U50  m/s  environ  Icb  vitesses  de  groupc,  o’lteu’.iea  a  partir  des 
premieres  perturbations  visibles  obeervSes  a\\r  les  enregistreaents  dopplei  ea  c-ndes  entretenuss  et  lea 
ionograases ,  et  i  partir  dea  dnanies  relative  a  i  la  trajectoires  de  la  PisCu.  On  peut  expl.’quer  ces  ar¬ 
rives*  de  signaux  comma  un  effet  de  guide  d'ondaa  dans  lequel  le  son  eat  r6flechi  dins  sa  tot  elite  a 
partir  de  la  thermosphere  par  la  courbure  des  rayons ,  et  entiirement  (ou  presque  entiireawnt)  r6fl£chi 
A  partir  de  la  mlSsaaphAre  sous-jaeente  du  ffcit  des  gradients  de  density  plus  6.lev£s,  et,  par  consequent, 
de  V augmentation  de  la  frequence  de  coupure  acoust ique,  Ainsi,  le  son  et,  par  consiquent,  la  perturb* 
tion,  eat  canalis<  au  voisinage  de  la  misopauae  et  de  la  basae  thermosphere, 
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IONOSPHERIC  DISTURBANCES  CAUSED  BY  LONG  PERIOD 
SOUND  WAVES  G  ENERATED  BY  SATURN-APOLLO  LAUNCHES 


Ganti  L.  Roo 

Resea-eh  Institute,  University  of  Alabama  in  Huntsville 
Huntsville,  Alabama  35807  U.  S.  A, 


SUMMARY 


Wavelike  disturbances  were  observed  in  the  ionosphere  following  several  nuclear  explosions  In  eorly  l?60's,  Super¬ 
sonic  shock  waves  within  the  atmosphere  generated  b j  large  rockets  can  cause  ionospheric  electron  density  perturbations. 

A  CW  phase  path  doppler  array  in  the  New  York  area  was  operated  during  the  Saturn-Apollo  12  and  13  launches  and  recorded 
doppler  frequency  fluctuations  due  to  rocket  launchings.  Cress  correlation  and  power  spectral  analyses  of  the  phase  path- 
path  doppler  frequency  variation  records  shov/ed  that  the  phase  velocities  of  the  signal  arrivals  were  from  South  of  the  array 
with  700  -  800  m.  sec.-1  corresponding  to  periods  in  the  range  of  2  -  4  minutes.  Sonograms  taken  every  60  seconds  from 
Wallops  Llartds  showed  clearly  ionospheric  disturbances  due  to  rockets.  True  height  analysis  of  the  iomgrams  showed  that 
the  undulations  in  electron  densities  at  various  heights  has  a  period  of  2  -  4  minutes.  The  group  velocities  were  estimated 
to  be  of  the  order  of  450  m.  sec.  ’  obtained  from  the  earliest  visible  disturbances  seen  on  CW  phase  path  doppler  records 
and  iortogroms  together  with  the  rocket  trajectory  data.  It  may  be  possible  to  explain  these  arrivals  of  signals  in  Terms  of 
wave  guide  effect  in  which  sound  is  totally  reflected  from  the  thermosphere  by  the  bending  back  of  rays,  and  is  totally  (or 
almost  totally)  leflected  from  the  underlying  mesosphere  because  of  stronger  density  gradients  and  consequent  increase  in 
the  acoustic  cut  off  frequency.  Thus,  the  sound  and,  hence,  the  disturbance  is  channeled  near  the  mesopause  and  the 
lower  thermosphere. 


I.  INTRODUCTION 

Wave  like  disturbances  were  observed  in  the  ionosphere  following  several  nuclear  explosions  in  the  early  1960's. 

Baker  (1968)  detected  these  ionospheric  distu'bpnces  due  to  atmospheric  nuclear  explosions  at  150  -  200  k-n  altitude  with 
periods  of  one  minute  and  speeds  300  m.  sec.  ”  .  The  periods  and  propagation  character! sties  of  the  ionospheric  disturbances 
were  found  to  be  essentially  the  same  as  those  observed  on  the  ground,  Baker  (1968)  interpreted  ther*t  ionospheric  disturb¬ 
ances  as  manifestations  of  imperfectly  ducted  acoustic  gravity  waves.  Acoustic  signals  which  can  propagate  long  distances 
(of  the  order  of  thousand  kilometers)  fiom  large  rockets  were  also  detected  and  reported  (Donn  et  al.,  1968). 

Supersonic  shockwaves  within  the  atmosphere  generated  by  large  rockets  con  uzw se  ionospheric  electron  density  varia¬ 
tions.  Ionospheric  variations  due  to  Saturn-Apollo  launches  were  noticed  firm  the  ionogrems  taken  at  Grand  Bahama  Islands 
(Fehr,  1968).  Disturbances  on  Grand  Bahama  Island  ionograms  were  obferved  for  a  period  of  almost  *wo  hours  after  the 
launch  of  Saturn-Apollo  rocket  These  disturbances  first  appeared  as  a  kink  on  the  ionogram  which  appeared  to  have  traveled 
downward.  Disturbances  such  as  these  were  also  obeen'ed  by  Golomb  et  al.  (1963)  during  high  altitude  chemical  release 
experiments.  In  rhi-  paper,  ionospheric  perturbations  caused  by  Saturn-Apollo  rocket  launchings  were  detected  by  using 
CW  doppler  array  and  conventional  ionosonde  and  interpreted  us  long  period  sound  waives. 

II.  CW  DOPPLER  ARRAY 

Ionospheric  observations  were  made  "sing  an  array  of  CW  doppler  sounders  and  an  ionosonde.  The  CW  doppler  system 
was  built  similar  to  Davies’  system  (Davies,  1962;  Davies  and  Baker,  1969).  A  significant  difference  between  Davies  system 
and  our  system  is  in  the  presentation  of  data.  In  our  system,  the  doppler  signal  was  digitized  apd  stored  in  digital  magnetic 
tape,  whereas  in  the  Davies  system,  the  signal  was  recorded  in  analog  form.  The  digital  foim  of  recording  of  data  allows 
the  use  of  digital  processing  techniques  such  os  cross  correlation,  digital  filtering,  power  and  cross  spectral  analyses.  The 
doppler  technique  is  very  sensitivu  to  phase  path  changes  arid  the  sensitivity  in  its  present  state  of  development  is  about  0.1 
Hz,  that  is,  phase  path  changes  as  small  as  1/10  of  a  radiowave  length  per  second  can  be  measured.  At  4  MHz,  this 
corresponds  to  dp/df  «  7,5  m.  sec.  "  .  The  geographic  location  of  the  CW  doppler  sounder  system  is  shown  in  Figure  1 . 

Two  CW  transmitters  operating  at  4.8  MHz  and  6  MHz  were  continuously  monitored  by  the  receivers  located  at  Catskill, 
Thornhurst,  Lebanon  and  Westwood.  The  receiver  outputs  were  digitized  and  transmitted  by  telephone  lines  to  the  central 
station,  Westwood,  for  storage  on  magnetic  tape.  The  data  stored  on  the  magnetic  tape  was  later  subjected  to  analysis  for 
furthe,  study. 
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III..  OBSERVATIONS  AND  RESULTS 

The  CW  doppler  array  wrn  in  operation  at  Westwood,  New  Jersey,  during  the  launches  of  Soturn-Apollo  12  and  13 
rockets,  .These  rocket  launchings  produced  Ionospheric  perturbations  which  were  successfully  detected  using  our  CW  doppler 
array  (Tolstoy,  Montes,  Rao,  and  Willis,  1970)'.  Figure  2  shows  the  CW  doppler  record  for  Saturn-Apollo  52  launch  orr 
November  14,  1969.  The  CW  doppler  data  for  Lebanon  arid  Thornhorst  immediately  before  the  signal  arrival  between  the 
time  windows  1100  to  1220  EST  was  subjected  to  cross  spectral  analysis  to  study  the  background  noise  coherence  as  shown  in 
Figure  3.  It  can  be  seen  from  Figure  3  that  the  background  noise  coherence  is  rather  poor  in  the  entire  period  band  and  re¬ 
mained  less  than  0.2.  Cross  spectra!  analysis  between  several  station  pairs  during  the  time  of  signal  interval  1 220—1 340 EST 
was  adopted  to  find  the  dominant  periods.  The  results  of  the  cross  spectral  analysis  are  presented  in  Figures  4,  5,  and  6.:  It 
can  be  seen  from  the  figures  that  during  the  time  window  12/5-1340  EST,  there  is  a  concentration  of  energy  in  the  period  band 
1  to  5  minutes  and  ;n  al!  station  pairs  the  coherency  remained  over  0.75.  The  CW  doppler  data  was  then  filtered,  using  a 
bandpass  filter  of  1  to  5.02  minutes  and  the  resulting  plots  for  Apollo  12  and  13  are  shown  Jr,  Figures  7  and  8. 

Cross  correlation  analysis  between  station  pairs  was  used  for  Apollo  12  CW  doppier  data  to  compute  the  phase  veloci¬ 
ties  of  the  signal  arrivals.  The  results  of  the  analysis  are  shown  in  Table  1.  The  average  phase  velocity  was  found  fo  be 
700-800  m.  sec-*  coming  from  south  of  the  array.  The  variations  in  the  phase  velocities  during  the  signal  may  be  due  to  the 
nature  of  the  source,  which  is  a  supersonic  disturbance  moving  in  both  horizorpal  and  vertical  dimensions.  Also,  there  are 
rome  inherent  experimental  errors  due  to  the  obllquify  of  the  received  radio  waves.  The  apparent  direction  of  signal  arrival 
intersects  the  ground  level  projection  of  the  tiajeetory  at  a  point  approximately  30.7  °N,  72.8  °W.  The  approximate  alti¬ 
tude  of  the  vehicle  at  this  paint  was  about  160  km.  The  group  velocities  of  the  signal  arrival  were  estimated  by  using  begin-  . 
ning  and  ending  times  of  the  recorded  disturbance  together  with  the  trojectoiy  data.  This  gave  group  velocities  between 
450  and  220  m,  sec  . 

i 

An  ionosonde  was  in  operation  at  Waiiops  Island,  Va. ,  during  Apollo  12  launch  ond  the  ionograms  were  taken  every  r 
minute  immediately  after  launch  for  a  period  of  two  hours.  These  ioncgrams  were  examined  to  detect  any  disturbances 
caused  by  the  Saturn  rocket.  It  was  found  that  a  kink  on  the  ionogram  near  the  ordinary  Fo  layer  critical  frequency  appeared 
which  slowly  moved  downward  and  finally  merged  into  F2  layer  ordinary  trace.  Several  additional  stratifications  (traces) 
were  olio  noticed  all  over  the  Fo  region  indicating  the  disturbed  nature  of  the  ionosphere.  The  ionograms  were  then  subjected 
to  true  height  analysis  to  study  tne  electron  density  fluctuation;  due  to  the  Saturn  rocket.  Electron  density  variations  at 
various  heights  at  10  km  interval  were  plotted  against  local  rime  and  the  plot  is  shown  in  Figure  9.  It  can  be  seen  from  the 
figure  that  the  undulations  in  electron  density  ct  various  heights  has  a  period  pf  2-4  minutes.1  It  might  be  of  interest  to  note 
that  the  maximum  effect  oh  the  ionosphere  by  the  rocket  wos  felt  around  1218  hours.  If  the  distance  between  Wallops  Island 
and  grqund  range  of  rocket;  when  in  F2  region  was  taken  approximately  as  1000  km,  then  the  group  velocity  of  the  arrival 
of  the  signal  to  ionospheric  levels  over  Wallops  Island  wes  of  the  order  of  45p  m.  sec-*.  Tolstoy  et  a!.  (19/0)  tried  to  ex¬ 
plain  the  signal  arrivals  with  group  velociries  450  m.  sec-*  corresponding  to  periods  in  the  range  7^4~minutes  and  the  hori» 
zontal  phase  velocities  near  800  m,  sec-*,  in  terms  of  wave  gu«de  effect  in  which  sound  is  totally  reflected  f-om  the  ther¬ 
mosphere  by  bending  back  of  rays,  and  sound  is  totally  (or  almost  totally)  reflected  from  live  underlying  mesosphere  because 
of  stronger  density  gradients  and  the  consequent  increase  in  the  acoustic  cutoff  frequency.  Thuslthe  disturbance'  is  channeled 
near  the  mesopause  and  the  lower  thermosphere.  i 
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TABLE  1 

PHaaa  vaiocitlas  of  the  Scturn-Apollo  52  lignal  arrival  at  MM»n 
on  Wastwood,  New  Joitay  CW  doppler  array. 


Tir.-.» 

Velocity 

Direction 

TO 

(m.  tec.-^) 

(Kcgrom  meoturad 
6s»t  of  Norfh) 

1225  -  1235 

810 

185 

1238  -  1248 

806 

178 

1255  -  1301 

750 

176 

1304  -  1314 

700 

177 

1317  -  1327 

650 

140 

331 


tnn  r— ■,(*’^  t  *•* 


HIT  iTr"  W»T<rnr'n,ri‘f*^r'5?)T*f|^»*T»THr^,!  ‘ 


nrwv9fri^Ti"*K|w(77IP’v  *”»«tr.-”r)«r*’T"‘  TW?*SWPWW^  I 


26-4 


REFERENCES 


Baker,  D.  M, 

"Acoustic  Wavei  in  the  Ionosphere  Following  Nuclear  Explosion}" 

Acoustic -Gravity  Wavs*  in  the  Atmosphere  edited  by:  T.  M.  Georges, 

(JT*5i  Government  TVintlng  Office,  WasKlngton  D,  C. 

Davies,  K, 

"Doppler  Studies  of  the  Ionosphere  with  Vertical  Incidence” 
hoc.  IRE  50,  94,  and  Correction  on  1544,  1962. 

Davies,  K.  and  Baker,  D.  M. 

"F-2  Region  Acoustic  Waves  from  Severe  Weather" 

J.  Atmosph.  Terr,  Phys.,  31 ,  1345,  1969. 

Donn,  W.,  Posmenfior  E.,  Fehr,  U.,  and  Balachandran,  N.  K. 

"Infra-Sound  at  long  Range  from  Saturn  V",  Science,  162,  1116,  1968. 

Fehr,  U. 

"fVopagating  Energy  in  the  Upper  Atmosphere  Inclt'ding  Lower  Ionosphere  Generated  by  Artificial  Sources" 
Acoustic-Gravity  Waves  in  the  Atmosphere,  edited  by:  T.  M.  Georges,  U.  S.  Government  hinting 
Office,  Wash! n gtoiTDTTT  — — 


./ 

.i 


ji 


;[ 

i 

"i 


I 


Golomb,  rtosonberg,  N.  W,,  Wright,  J.  W.,  and  Barnes,  R.  W, 

"Formation  of  Electron  Depleted  Region  in  the  Ionosphere  by  Chemical  Releases" 
Space  Research  IV,  North-Holland  Publishing  Company,  1964. 

Tolstoy,  I,,  .‘/antes,  H.,  Ran,  G.  L.,  and  Willis,  E. 

"Long  fViod  Sound  Waves  in  the  Thermosphere  from  Apollo  Launches" 

J.  Oeophys.  Res. ,  75,  5621,  1970. 


•  <l  o 

o»-w 


"■> 

? 

l: 

3 

•« 

> 

T 

') 


Fig.  I  Geographic  location  of  the  stations  of  the  CW  dopplei  array. 
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Fig.3  Cross  spectral  plots  of  CW  doppler  record  before  the  Sauirn- 

Apollo  12  signal  arrival.  Fig-4  Cross  spectral  plots  of  CW  doppler  signal  between  Lebanon 

and  Westwood. 
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Fig.5  Cross  spectral  plots  of  CW  doppler  signal  between  Lebanon  Fig.6  Cross  spectral  plots  of  CW  doppler  signal  between  Catskill 

and  Thorr. hurst.  and  Thornhurst. 
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APRIL  II  1970 

Fig. 8  The  1 .0  -  5.0  minute  band  pass  filtered  CW  doppler  record  showing  Saturn-Apoilo  1 3  signal. 
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OBSERVATIONS  UL  PERTURBATIONS  IONOSPHERIOUES  ITINERANTS  EFFECTUEES 
A  LONDRES  (CANADA) 


par 

J,  Litva 


SCNM4IRE 


L'auteur  rend  compte  de  certaines  observations  de  perturbations  ionosphgriques  it ingrant eB 
(Fils)  effectuges  a  Londrec  (Canada) ,  Pour  procgder  &  ces  observations,  on  a  eu  recours  a  une  nou- 
valle  technique,  decrite  en  detail,  et  qui  contiste  a  meBurer  l'angle  d'arrivge  et  les  variations 
d' amplitude  des  ondes  radio  se  propageant  4  travers  1* ionosphere  a  partir  de  regions  localisges 
d'emission  accrue  sur  le  disque  solaire,  Un  ex  amen  des  observations  antgrieurea  indique  uu  maximum 
de  quatre  cycles  d'ondes  dans  lea  trains  d'ondes  des  PIIb,  Les  observations  dont  il  est  rendu  compte 
ici  rgvSlent  clairement  la  prgsence  de  trains  d'ondes  de  PIIs  jusqu'4  quatre  fois  plus  longs,  et 
cosqiortant  de  15  a  18  cycles  d'ondes,  D'aprSs  les  meaures  effectuges,  les  dgflexions  angulaires  de 
la  ligne  de  visge  solaire  a  51,7  MZz  variant  de  i  6  4  *  20  minutes  d'arc  (  sur  la  base  de  ces  chif- 
fres,  on  calcule  que  les  perturbations  de  densitg  d'glectrons  aont  de  l'ordre  de  1  4  2  %,  Les  varia¬ 
tions  d' amplitude  observges,  correspondent  aux  scintillations  4  angle  d'arrivge  le  plus  grand,  gtaient 
d'environ  5  dB, 

Lea  PIIs  se  classaient  essentiellement  en  deux  catggorics  :  l'une  dont  la  pgriode  gtait  d'en¬ 
viron  6  minutes,  l1 autre  dont  la  pgriode  attcignait  £1  minutes,  Les  perturbations  de  la  premiere  ca- 
tggorie  se  deplaqaient  4  une  vitesse  d'environ  £00  km/heure,  avec  une  longueur  d'onde  correspondent, e 
de  £0  km.  La  vitesse  des  perturbations  de  la  deuxi4me  catggorie  variait  entre  800  et  £  000  km/heure, 
avec  une  longueur  d'onde  correspondante  allant  de  300  4  700  km  |  d’autre  part,  ellea  se  dgplaqaient 
suivant  une  trajectoire  prgfgrentielle  or ientge  nord-sud. 
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OBSERVATIONS  OF  TRAVELLING  IONOSPHERIC  DISTURBANCES 
AT  LONDON,  CANADA 

J.  Litva 

Communications  Research  Centre 
Depertment  of  Communications ,  Ottawa,  Canada 


SUMMARY 


Some  observations  made  at  London,  Canada,  of  travelling  Ionospheric  disturbances  (TIDs)  are  presented. 
They  were  obtained  by  way  of  a  new  technique  which  la  described  In  detail;  namely,  measurement  of  angle  of 
arrival  and  amplitude  variations  of  radio  waves  which  propagated  through  the  Ionosphere  from  localized  re¬ 
gions  of  enhanced  emission  on  the  solar  disk.  A  survey  of  past  observations  suggests  that  at  most  four 
wave  cycles  are  observed  In  TID  wave  trains.  The  observations  reported  here  show  good  evidence  of  TID 
wave  trains  up  to  four  times  as  long,  consisting  of  15  to  1C  wave  cycles.  The  angular  deflections  of  the 
solar  line  of  eight  at  51.7  MHz  were  measured  to  be  between  ±6  to  120  minutes  of  arc;  from  which,  electron 
nissber  density  perturbations  are  calculated  to  be  of  the  order  of  1  to  2  percent.  The  observed  varia¬ 
tions  In  amplitude  corresponding  to  the  larger  angle  of  arrival  scintillations  were  about  5  dB. 

The  TIDs  were  primarily  of  two  types;  one  with  a  period  of  approximately  6  minutes,  the  other  with  a 
period  of  21  minutes.  The  former  travelled  with  the  speed  of  about  200  km/hr  and  a  corresponding  wave¬ 
length  of  20  lest.  The  speed  of  the  latter  waa  between  800  and  2000  km/hr  and  the  corresponding  wavelength 
between  300  and  700  km;  they  also  had  a  preferred  line  of  travel  which  was  orientated  north-south. 

1 .  INTRODUCTION 

TIDs  or  travelling  ionospheric  disturbances  are  electron  density  Irregularities  In  the  F  region  which 
have  been  observed  to  move  over  horizontal  distances  of  thousands  of  kilometers.  The  disturbance  consists 
of  a  periodic  change  of  the  electron  density  with  horizontal  distance.  When  TIDs  are  represented  by  con¬ 
tours  of  constant  electron  density  it  is  found  that  they  tend  to  be  tilted  or  displaced  forward  from  the 
vertical  in  the  direction  of  motion  (THOME,  1964). 

The  velocity  of  TIDs  has  been  measured  at  many  locations  by  many  workera  using  a  vari  fy  of  techniques. 
Some  of  the  techniques  employed  are  vertical  incidence  sounding  (PIERCE  and  MINNO,  1940;  WELLS,  WATTS  and 
GEORGE,  1946),  doppler  radar  (GEORGES,  1968;  CHAN  and  VILLARD,  1962),  backsratter  radar  (TVETEN,  1961),  In 
situ  satellite  density  measurements  (NEWTON  et  al,  1964),  three  station  single  frequency  lonosondes  (MUNRO, 
1958),  Thomson  radar  (THOME,  1968;VASSEUR  and  WALDTEUFEL,  1969),  faraday  rotation  (TITHERIDGE,  1963)  and 
angle  of  arrival  measurement a  (LAWRENCE  and  JESPERSEN,  1961;  VITKEVICH,  1958).  TIDs  have  wavelengths  from 
about  50  to  2000  km  and  horizontal  velocities  from  180  to  2500  km/hr.  The  higher  velocity  TIDs  tend  to 
travel  in  the  north-south  direction  and  the  lower  velocity  ones  have  no  preferred  direction  of  travel. 

A  description  Is  given  of  seme  observations  made  at  London,  Canada,  of  TIDs.  They  were  detected  by 

measurements  of  deviations  or  scintillations  in  angle  of  arrival  and  amplitude  of  radio  waves  which  pro¬ 

pagated  through  the  Ionosphere.  The  measurements  were  made  with  radio  Interferometers  monitoring  radio 
waves  of  frequency  51.7  MBs  emitted  by  a  localized  source  in  the  sun's  corona.  There  are  times  when  the 
disturbed  sun  radiates  meter  wavelength  radio  wavea  at  an  enhanced  level  for  periods  of  a  day  or  more.  On 
a  nissber  of  these  occasions  the  sun  was  used  as  a  radio  source  and  scintillations  In  angle  of  arrival  of 
solar  radio  waves  refracted  by  TIDs  In  the  Ionosphere  were  observed - 

At  VHF  frequencies  the  angular  deflection  due  to  refraction  of  radar  waves  traversing  the  Ionosphere 

is  proportional  to  the  spatial  gradient,  transverse  to  the  line  of  sight,  of  the  total  number  of  electrons 
per  square  meter  In  the  line  of  sight.  It  follows  that,  since  gradients  In  total  columnar  electron  content 
due  to  TIDs  were  measured,  It  Is  reasonable  to  assume  that  they  were  contained  between  the  altitudes  100 
and  500  km,  or  so.  This,  after  all,  is  where  most  of  the  electrons  of  the  ionosphere  are  contained. 

It  Is  assumed  that  for  the  most  part  TIDs  perturb  linear  propagation  of  radio  waves  through  the  iono¬ 
sphere  because  of  their  horizontal  electron  density  gradients.  These  perturbations  manifest  themselves  to 
an  observer  on  the  ground  monitoring  a  radio  signal  as  scintillations  In  the  sngle  of  arrival  and  amplitude 
of  the  signal.  Equations  will  be  developed  relating  the  magnitude  of  the  angle  of  arrival  scintillations 
to  both  the  electron  density  gradients  end  the  characteristics  of  the  Interferometers  used  for  the  measure¬ 
ments.  It  will  be  shown  that  the  apparent  motion  of  the  sun  produces  variations  In  both  the  magnitude  and 
period  of  the  angle  of  arrival  aclntlllatlons .  Tills  motion  and  the  variations  Induced  by  it  are  described 
in  detail  end  it  Is  shewn  that  the  line  of  travel  and  speed  of  the  TIDs  producing  the  scintillations  can 
be  deduced  from  the  observed  variations.  Finally,  equations  are  developed  relating  the  magnitudes  of  the 
amplitude  scintillations  and  angle  of  arrival  scintillations  produced  by  TIDs;  from  which  the  speed  of  the 
TIDs  ss  a  function  of  height  can  be  deduced. 

2 .  TECHNIQUE 

Consider  Fig.  27-1  where  two  antennas  forming  an  interferometer  are  located  at  0  and  A  along  the  base¬ 
line  0Y  and  separated  by  distance  d.  TVo  rays  from  the  sun  and  denoted  by  S  are  shevn  arriving  at  each 
antenna.  The  total  phase  difference  $  o'  the  radiation  arriving  from  the  source  at  the  two  antennas  may 
be  expressed  generally  ss 

♦  «  (2nx  +<)>)-  cos0  Eq.  27-1 


310 


27-2 


where; 

$  -  the  measured  phase  difference  in  the  range  0  to  2ir 

n  »  an  integer  in  the  range  -d  <  n  <  d 

I  -  -  X 

A  -  the  wavelength  of  the  radiation 

0  -  the  angle  between  solar  ray  and  interferometer  base  line. 


From  the  knowledge  of  the  location  of  the  sun  the  angle  6r  between  a  ray  from  the  center  of  the  solar 
disk  and  the  Interferometer  base  line  can  be  calculated  and  substituted  into  Eq.  27-1  to  solve  for  n.  The 
angle  9^  of  the  solar  radiation  with  respect  to  the  interferometer's  base  line  can  then  be  determined  from 

Eq.  27-1  and  a  measurement  of  ^  where,  ^  is  the  phase  between  the  solar  radiation  received  at  the  two 

interferometer  antennas.  The  angle  0gN  is  defined  by 
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Eq.  27-2 


Both  and  8g  are  always  positive  and  measured  from  the  line  OY.  ^0,,^  as  defined  here  may  be  both 

positive  or  negative.  It  is  called  the  angle  of  arrival  henceforth,  and  the  measured  values  reported  here 
form  the  principle  data  base  for  this  paper.  It  is  augmented  by  the  amplitude  of  the  solar  signal  which 
also  was  measured  and  recorded. 

Fig.  27-2  shows  the  relative  location  of  the  antennas  of  the  compound  solar  interferometer  used  for 
the  measurements.  The  antennas  were  linearly  polarized  five  element  yagls  and  were  mounted  to  accept 
signals  of  vertical  polarization.  The  amplitude  of  the  incoming  solar  radio  waves  was  reco.-ded.  Two 
phase  measurements  out  of  a  possible  five  were  also  recorded.  In  some  cases'  the  phase  difference  between 
the  waves  arriving  at  Y  o  and  Yj  and  between  Y  o  and  Y2  were  recorded;  in  other  cases,  the  phases  between  Y0 
and  Y2  and  between  Y  and  Y;  were  recorded.  The  measured  phase  differences  were  converted  to  angle  of 
arrival  9,,^  of.  the  solar  ray  with  respect  to  the  interferometer  base-line  and  the  center  of  the  sun.  The 
various  antenna  pairs  are  denoted  as  follows: 


Y  0,  Y2  -  wide  E-W  interferometer 

Y  0,  Yj  -  narrow  E-W  interferometer 
Y 0,  Y3  »  N-S  interferometer 

and  the  angle  of  arrival  measurements  presented  here  will  be  identified  by  these  labclB. 
3.  MOTION  OF  THE  SOLAR  LINE  OF  SIGHT 


The  loci  of  the  intersection  of  the  solar  line  of  sight  with  various  levels  in  the  ionosphere  may  be 
determined  with  the  aid  of  Fig.  27.3.  In  particular  Fig.  27-3  (a),  which  shows  a  plane  containing  the  solar 
line  of  sight,  the  observer  ')  and  the  center  of  the  earth  C.  The  intersection  of  the  solar  line  of  sight 
with  an  ionospheric  layer  wh  jse  height  above  the  earth  is  D  is  given  by  R.  The  zenith  angle  of  the  sun  is 
z;  B  is  the  distance  OR  and  5  is  the  angle  RCO.  It  can  be  shown  (HARROWER,  1963)  that  B  is  given  by  the 
following: 


^  ■  B  -  [<r  +  D)2  -  r2sin2z]*  -  [r2  -  r2sin2z]* 

and  6  by  the  expression 


Eq.  27-3 
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cos 


r2  +  (r  +  I))2  -  B2 
2r(r  +  D) 


Eq.  27-4 


where: 

r  -  radius  of  the  earth 

The  observer's  celestial  hemisphere  is  shown  in  Fig.  27-3  (b)  with  the  observer  at  0,  the  north  celes¬ 
tial  pole  at  P,  and  the  zenith  at  Z.  The  intersection  of  the  extension  of  CR  in  Fig.  27-3  (a)  with  the 
observer's  celestial  sphere  is  given  by  R'  and  the  co-latitude  PZ  and  hour  angle  ZPR'  of  R'  are  given  by 
S  and  t  respectively. 

The  altitude  of  toe  sun  denoted  by  h  in  Fig.  27-3  (a)  is  given  by  (SMART,  1944). 

h  "  sin  '[sinCLATJsinCDEC)  +  cos(LAT)cos(DEC)cos(HA)]  Eq.  27-5 

where: 

DEC  -  declination  of  the  sun 
HA  -  hour  angle  of  the  sun. 

The  zenith  angle  z  of  the  sun  Ls  given  by 
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Eq.  27-6 


ana  the  azimuthal  angle  a  by: 


A 


z 


sin  '[cosCDF.C) 


sln(HA) 
cos(h)  ^ 


Ml 


Eq.  27-7 


Eq.  27-8 


From  nhe  spherical  triangle  PZR1  In  Ftg.  27-3  (b)  It  follows  that 

S  -  cos  [coaicoa (j-  -  LAT)  +  «in6tln(j  -  l,AT)coa(2i'  -  A^)] 


and, 


c 


a  in 


«ir.flsin(2it 

stnS 


s> ' 


The  latltuda  and  Jj.gitude  of  R  ot  8’  arc  givon  respectively  by 

LAY  00  -  j  -  S 
LONCIS)  -  LONG(O)  +  t 

vhe  re : 


I.OSIG<0)  ■  longitude  of  the  observer. 


Kq.  27-9 


Kq.  27-10 
Ea.  27-11 


Curves  treeing  out  the  loci  of  the  intersection  of  the  solar  line  of  Sight  with  various  levels  in  the 
ionosphere,  as  a  function  of  timr,  ere  given  in  Fig.  2’7-4’.  The  paths  shown  were  derived  for  valves  of  0 
equal  to  150,  300  end  450  km  using  solar  parraneters  correct  for  November  12,  1969  end  equations  27-3  to 
27-1!  .  The  intersection  of  the  dashed  lines  with  the  curves  defines  th~  position  of  the  intersection  point, 
8  at  the  Indicated  times;  positions  at  other  times  can  be  of-cained  by  extrapolation.  The  co-ordinate  exes 
shewn  in  the  insert  define  positive  values  of  che  velocity  components  vx  and  Vy  of  the  Intersection  point 
R;  with  positive  Vx  directed  towards  tiie  wee;:  and  positive  Vy  directed  rewards  the  north.  These  two  vel¬ 
ocity  components  are  given  by 


Vx  -  (r  +  d)cos[wr<«),l  x  [LONG(R)]  Eq.  27-12 

Vy  -  (r  +  d)-~{LAr(R)].  Eq.  2713 


Curves  for  November  12,  1969  derived  from  Eqs.  27-12  and  27-13  giving  Vx  and  Vy  ae  a  function  of  time  for 
the  altitudes  150,  300  and  450  km  are  given  in  Fig.  27-5.  The  component  Vx,  although  positive  throughout 
the  interval  between  1330  and  2030  UT,  is  seen  to  vary  considerable  and  in  a  manner  characterized  by  high 
values  in  the  morning,  relatively  low  ones  ot  local  noon,  and  high  ones  again  in  the  afternoon.  On  the 
other  hand  Vy  whose  absolute  value  Is  leas  than  Vx  throughout  this  interval,  begins  with  positive  values, 
becomes  zero  at  local  noon,  and  assumes  increasingly  negative  values  in  the  afternoon. 


Since  the  intersection  p^int  R  moves  through  the  ionosphere,  it  is  to  be  expected  that  the  period  of 
the  ar.int illations  In  angle  of  arrival  of  the  solar  line  of  sight,  caused  by  Tills ,  will  be  an  apparent 
period.  The  apparent  period  will  differ  from  the  actual  TID  wave  period  by  a  quantity  which  is  a  function 
oi  the  component  of  the  velocity  of  the  solar  line  of  sight  through  the  ionosphere  parallel  to  the  hori¬ 
zontal  velocity  of  the  TIDs.  In  Cue  insert  accompanying  Fig.  27-4,  let  U  represent  the  velocity  of  the 
rxo  and  V  the  '•elocity  of  the  intersection  point  R.  The  azimuthal  angles  of  these  vectors  with  respect  to 
the  negative  Y  axis  are  and  a^.  respectively.  The  are  both  deflneo  to  be  positive  in  the  counter-clock¬ 
wise  direction.  Their  values  are  given  by 

^-tan"  g-  Eq.  27-14 

and 

ct,  -  ton-’  E<1-  27-15 

J  Vy 

The  apparent  period  T’  of  the  scintillations  os  n  function  of  U  is  giver  by 


l  d  V  ,  , 

r  *  it  "  It  C08(av  ’  V 

where  It  •  iID  "e'ength. 


Eq.  27-16 


4.  MAGNITUDE  OF  ANGLE  OF  ARRIVAL  S  ’.NTILLATIONS 


At  VHF  tiequercles  the  refractive  index,  y,  of  a  radio  wa.e  propagating  through  tne  ionosphere  is 
given  to  good  approximation  by 

U  -  I  -  -7-  N  Eq.  27-17 

CO 

where 

b  »  e?/td»  »  16  x  103  (mks ) 

N  ■  local  nianbtr  density  tree  electrons 

e  -  charge  of  an  eler  tron 

m  »  mass  of  an  electron 

€•  ■*  perm! tt i.vlty  ot  free  space 

u,  -  angular  radio  frequency 


Eq.  27-|7  is  «;>oru  ldaete  because  it  neglects  the  effects  of  the  earth's  aagnatlc  lield  and  of  absorption. 
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VIA 

The  total  angular  deflection,  t,  or  a  redlowav*  from  Its  average  position  ( CHANDRAS EKHOK ,  1932)  1« 
given  by 

t  -  -  -t  -4-  Ndt  Eq.  27-18 

id  du  I 
Jo 

where  l,  la  measured  along  the  ray,  and 

u,  is  measured  along  a  normal  to  £  . 

Equations  are  now  derived  giving  the  variation,  as  a  function  of  time,  of  the  magnitude  of  TID  In¬ 
duced  scintillations  in  the  solar  angle  of  arrival  measured  hy  the  E-W  and  N-S  interferometers .  Consider 
Fig.  27-6  with  the  observer  at  0  wher-: 

SO  «  solar  line  of  alght 

OP  -  projection  of  the  solar  line  of  alght  on  the  obaerver'n 
horiron  plane 
h  *  altitude  of  the  sun 

JJ  »  projection  of  the  TID»  horizontal  velocity  vector  onto 
the  horizon  plane 

TS  •"  azimuth  of  OP  with  re*t-ct  to  the  OX  axis 
Qy  «  azimuth  of  V_  with  respect  to  the  OX  axis. 


In  the  derivations  which  follow  it  is  assumed  that: 


a)  the  TIDs'  direction  of  travel  defined  by  remains  constant 

b)  the  refraction  of  the  solar  line  of  sight  from  its  average  position  is  due,  for  the  most  part,  to 
TIP  induced  horizontal  electron  number  density  gradients 

c)  the  horizontal  gradients  are  parallel  to  the  TIDs'  horizontal  velocity. 

It  will  be  shown  that  since  TS  in  Fig.  27-6  changes  from  positive  values  in  the  morning  to  negative 
valuta  In  the  afternoon  In  a  regular  and  defined  fashion  that  the  magnitude  of  the  solar  scintillations 
will  vary  In  a  unique  manner  determined  by  the  TIDs'  direction  of  travel. 


It  follows  from  the  spherical  triangle,  ABC,  in  Fig.  27-1  that 

cos9  "  coshcooA' 
z 

so  that  F.q.  27-1  can  be  written  in  the  following  fon? 

*  -  coshcosA^  Eq.  27-19 

where: 

A^  »  A z  -  Tf  ,  for  the  E-W  interferometers  and,  A^  -  w  -  Az  -  0.3098,  fer  the  N-S  interferometer. 


The  magnitude  of  the  phase  variations  measured  by  the  interferometers  due  to  changes  in  h  and  TP 
caused  by  refraction  of  the  solar  line  of  sight  may  be  obtained  by  finding  the  differential  of  Eq.  27-19 
and  substituting  in  the  appropriate  value  for  A^  .  If  follows  from  a  comparison  of  Figs.  27-2  and  27-6 

that  A'  Is  equal  to  tt  -  TS  and  TS  -  0.309  8  radians  respectively  for  the  E-W  and  N-S  Interferometers. 
z  2 


The  equations  resulting  from  the  substitution  of  A'  into  the  differential  of  Eq. 

6*1  -  -Bi  sin(h)slu(TS)6h  +  8icos(h)cos(TS)6TS 

6*2  «  -Bi  «lri(h)sln(TS)6h  +  82COs(h)cos(TS)6TS 

6*j  -  -Bj  »in(h)i-.os  (TS  -  0.3098)6h  -  6 jeos (h)sin(TS  -  0.309  8)6TS 


27-19  are: 


Eq. 

27-20 

Eq. 

27-21 

Eq. 

27-22 

where: 

Bi  -  2tt  (49.361) 

Bj  -  2w  (16.571) 

3j  »  2n  (54.289) 


In  the  above,  Eqs .  27-20  and  27-21  give  the  magnitude  of  the  phase  scintillations  6*i  and  6*2  meas¬ 
ured  by  the  wide  and  narrow  E-W  Interferometers  respectively  and  Eq.  27-22  givea  the  magnitude  of  the 
phase  scintillations  64j  measured  by  the  N-S  interferometer.  The  variations  in  the  interferometer  angle 
B  which  are  also  equal  to  the  variations  in  the  angle  of  arrivul  as  defined  in  Eq.  27-2  may  be  obtained  by 
equating  the  differential  of  Eq.  27-1  to  Eqs.  27-20,  27-2!  and  27-22  in  turn 
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sln(h)sin(TS)4h  _  cos  (’h)cos  (TS)  6TS 
sin9  sin6 


68, 


»in(h)cos  (TS  -  0, 3093)6h  +  c.os(h)»in(TS  -  0.3098)6TS 


sln6 


sin9 


Eq.  27-23 
Eq.  27-24 
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vhara: 

’  A0j,t  “  perturbation  cf  angle,  0  for  the  vllt  and  nsr.ow  E-W 

Interferometers  due  to  refraction  of  the  solar  ray 

' 

AO)  -  perturbation  of  angle  6  fop  the  N-S  IntarfarcMter 
due  to  refraction  of  the  solar  ray. 

An  expression ,  giving  the  variation  of,  i0i,t  and  A0>  as  a, function  of  VS  ,  rr  local  tf*a  may,  te  obtained) 
final  a  consideration  of  Fig-  27-6  -  Hie  point  C  denotes  the  intersection  of  the  solar  ray  with  a  layer  in 
the  ionosphere.  The  average  horizontal  electron  nusber  denaity  gradient  _§  is  indicated  and  shown  to  be 
paralle.’  to  OA,  Close  Inspection  of  Pig.  27-6  reveal*  toati  the  ccoponont  of  £  perye.idifcular  to  the  solar 
line  of  sight  f.L  is  contained  in  the  plane  defiued  by  OS  and  OA.  Thun  the  r'elracted  nolar  ray  shows  an¬ 
gular  deflection  T  la  giver,  by  Eq.  27-18  will  be  contained  within  this  plane.  , 

If  a  ray  undergoes  i  deflection  of  x  it  follows  from  the  geometry  in  Fig.  27-6  that 


Ah  «  xslnYCOtMTS  -  oiy) 


Eq.  27-75 


whore: 


ta.i 


tan(h) 


sinvTf  -  Oy) 


Eq.  27-26 


ATS  -  x 


COSY 

cos(h) 


Eq.  27-27 


Substitution  uf  Eq.  27-25  ard  27-26'  into  27-23  and  27-24  and  dividing  by  T  to  normalize  the  equations, 
allows  one  to  write  the  following: 


P  1  _  .  ein(h)  sin(TS;  sin  y  coaCTS-O,,) 

fi  .J  “  A0 1 , 2  «  __J _ ' _  u'  -  cos(h»  coe(TS)  con  •£ 

x  sir  6  sin-®  cos  (hi 


Eq.  27-28 


and 


F,  -  Mi  -  alB(hi  CO8<TS-°-3096>!  8ln  V  co^S-qj^.  CJ8(h)  aln(TS -0. 3098)  CO,  v  Eq.  27-29 
X  sin  0  sin  9  cos(h) 

where  it  is  assimied  that  r  la  constant  with  time. 

'  l 

The  function  F|,j  and  Fj  are  called  the  'resuoi.se'  of  the  E-W  and  N-S  interferometers  respectively. 
They  give  the  efficiency  oi  the  interferometers  in  measuring  angular  deflections  in  the  solar  line  of  sight 
as  a  function  of  time  and  geometry.  The  response  given  by  Eq.  27-28  of  the  E-W  Interferometers  as  a 
function  of  time  la  plotted  In  Fig.  27-7  with  cl.  in  degrees  indicated  on  the  curves.  It  is  seen  that  the 
shape  of  the  curves  is  a  function  of  the  parameter  ol.;  in  particular,  the  local  time  at  which,  Fi,2  becomes 
rero  is  a  t  -actio .  of  a„.  This  suggests  th*t  the  line  along  which  TIDs  travel  may  be  determined  by  the 
modulation  imposed  by  tne  Interferometers  on  tne  observed  magnitude  of  the'soler  angle  of  arrival  scinti¬ 
llations.  In  Fig.  27-8  the  corresponding  response  Fj  of  the  N-S  interferometer  is  plotted  as  a  function 
of  time  for  various  values  of  o^..  , 

5.  FOCI'S  ING  AND  DEFOCUS  I!,'.'  EFFECTS  CF  TIDs 

i 

Closely  following  Turnbull  and  Forsyth  (.1965)  focusing  and  dofocusing  of  the  radio-wave  energy  by 
TIDs  is  now  considered.  Only  the  simplest  case  dealing  with  relatively  small  deviation  angles  or  irregu¬ 
larities  at  low  altitude*  tp  considered.  In  this  case  the  only  effect  on  the  ground  is  slight  focusing 
and  dnfocuslng  of  the  radio-vav*  energy  as  the  3oljr  lino  of  sight  encounters  TIDs.  The  more  complex  case 
where  rays  from  two  or  mote  widely  separated  points  In  the  TID  reach  the  observer,  while  rays  from  Inter¬ 
vening  regions  do  not,  ir  not  considered  because  the  deep  amplitude  fading  which  would  result  from  this 
type  of  mechanism' Was  not  experimentally  observed.  1 

Hie  geometry  it  Illustrated  in  Fig.  27-9  where  the  plant  of  the  diagram  is  assumed  tc  be  the  plane 
containing  the  solar  line  of  sight  and  the  TIDs' .line  of  trave_.  The  refracted  sclar  line  of  sight  will 
also  be  in  this  plane..  Since  only  variations  within  this  plane  are  of  Interest,  it  is  convenient  to  con¬ 
sider  energy  densities  as  for  a  system  of  cylindrical  symmetry.  Two  solar  rays  SPB  and  S'QE  are  shown 
meeting  the  ground  at  B  and  E.  Hiey  intersect  the  ionosphere  MN  at  P  and  Q  and  undergo  angular  deflection 
0  'end  0  +  d6  respectively.  The  undeflected  rays  make  <n,  angle  e  with  the  ground.  The  distance  r  between 
the  observer  and  the  Ionospheric  intersection  point  of  the  solar  ra>  is  given  by: 

i  . 

r  «  H/cos (h)  Eq.  27-10 
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where: 

H  *  height  of  the  intersection  point 
h  »  altitude  of  the  sun 

Energy  falling  on  the  element  of  the  irregularity  da  would,  in  the  absence  oi  Che  irregularity,  fall 
on  the  ground  spread  over  an  element  dp  and  in  the  presence  of  the  it  regular!. y  spiead  ever  sn  el.aa.enf  dx. 


5ince: 

dq  "  rdO/ain(e) 
dp  -  ds 

tlier. 

dx  “  da  +  •— y--y-  -y 

8in(e) 

K.;.  27  31 

If  the  energy  density  at  KN  ia  E(  then  the  energy  density  at  point  x  on  the  ground  is  given  by 

Eods  ■  E(x)dx 

By  combining  Eqs .  27-30,  27-31  and  27-32  one  may  write 

d8  ^  s i  n  (e ) cos  (b )  f~E  o 

ds  H  “  L'e(x) 

The  distance  of  separation  ds  of  the  rays  may  be  written 

ds  -  U'dt  Eq,  27-34 

where: 

u'  -  u  -  u.v/u 

U  -  TID  velocity 

£  «  velocity  of  the  point  of  intersection  of  the  ,4oinr 
line  of  sight  with  rhe  ionosphere. 

Eqa.  27-33  ani  27-34  are  combined  to  give 

U'  -  H/K  Eq.  27-35 

where: 

If  „  sln(e)cos  (h)  fE_t_-  _1  1  Eq .  2 7-36 

dO/dt  ,  E?x)  J 

Since  V  is  known  as  a  function  of  height  and  the  direction  of  travel  of  the  TIDs  can  be  determined 
from  Fig.  27-7,  the  apparent  speed  U  of  the  TIDs  can  be  obtained  as  >  function  of  height  form  Eq.  27-35. 

6.  EXPERIMENTAL  AND  ANALYTICAL  RESULTS 

6.1  Angle  of  Arrival  Results  :or  East-West  Moving  TIDs 

The  angle  of  arrival  versus  time  measured  with  the  wide  E-W  interferometer  on  October  28,  196b  is 
given  In  Fig.  27-10.  The  curve  is  fairly  steady  between  1330  and  2030  UT;  although,  it  docs  show  some 
evidence  cf  quasi-periodic  scintillations  with  peak-to-peak  (p— p >  amplitude  of  10'  arc.  HiIb  is  the  type 
of  result  one  would  expect  for  the  case  of  a  relatively  u:. disturbed  ionosphere;  one  in  which  TIDs,  for 
example,  if  present  possessed  small  amplitudes. 

The  angle  of  arrival  versus  time  measured  with  the  N-S  Interferometer  on  November  12,  1969  is  shown 
in  Fig.  27-11.  In  this  case  the  curve  shows  well  defined  quasi-periodic  scintillations  between  1430  and 
2000  UT,  or  so,  with  maximjm  p-p  amplitude  of  45'  arc.  The  slow  decrease  and  then  increase  ot  angle  of 
arrival  between  1300  anu  2100  UT  is  not  considered  herein  and  may  be  due  to  the  solar  source  of  the  radio 
waves  not  being  located  at  the  center  of  the  solar  disk.  The  quasi  periodic  scintillations  hetween  1430 
and  2000  UT  are  attributed  to  refraction  of  the  solar  line  of  sight  by  TIDs,  The  solar  flux  density  re¬ 
corded  by  the  N-S  interferometer  on  November  12,  1969  is  also  given  in  Fig.  27-11  .  There  are  some  scinti¬ 
llations  discernible  in  the  3olar  flux  density;  in  particular,  near  1515  lil ,  These  are  attributed  to 

focusing  and  defocuslng  effects  or  in  other  wort's  to  redistribution  of  the  radio-wave  energy  by  retraction 

of  the  solar  line  of  sight. 

Fig.  27- 1 2  shows  a  direct  comparison  of  the  wide  E-W  and  N-S  interferometer  angle  of  arrival  data 
recorded  on  November  12,  1969.  The  dashed  curve  gives  the  angle  of  arrival  for  the  E--W  interferometer 
and  the  solid  curve  gives  the  equivalent  data  for  the  NS  interferometer.  It  can  be  seen  that  there  \e 
a  high  degree  of  coincidence  in  the  occurrence  of  the  scintillation  on  both  sets  of  data.  The  solid  ver¬ 
tical  lines  indicate  "he  times  when  'peaks'  or  local  maximum  in  angle  of  arrival  occurred  for  both  sets 
of  data.  In  one  case,  namely  at  1615  UT,  a  peak  in  the  E-W  curve  corresponds  to  an  Inf lecrior.  in  the 
curve.  The  dashed  vertical  lines  suggest  possible  coincidences  in  the  peaks  but  t re  not  use!  in  the  ana¬ 
lysis  slrce  the  coincidences  are  not  well  defined. 

6.2  Properties  of  East-West  Moving  TI!)a 

The  magnitude  of  the  angle  of  arrival  scintillations  observed  by  the  wide  E-W  interferometer  on  Nov¬ 
ember  12,  1965  Is  given  in  Fig.  77-13.  Tne  average  amplitude  throughout  the  Interval  is  approximately  6'  of 
arc.  It  follows  from  Fig.  23-7  c.  at  the  line  of  travel  of  the  responcible  TIDs  is  in  the  rast-vest  direc¬ 
tion  with  a  possible  deviation  from  this  of  ±35°  Only  for  angles  between  55  and  90°  and  between  -55° and 


Eq.  .7-12 

-  i  j  Eq.  27.33 
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90°  la  th*  response  of  th*-  E-W  interferometer  sufficiently  constant  to  be  able  to  account  for  the  obsavvad 
constant  averaga  tap li t ude . 

Ills  apparent  period  of  the  sclntillationaon  November  17,  1969  la  given  In  Fig.  27-14.  Those  values 
were  obtained  by  measuring  the  dintsnee  between  the  vertical  lines  In  Fig.  27-12.  A  scintillation  ia  de¬ 
fined  for  this  measurement  ss  a  local  maxima  In  the  angle  of  arrival  that  occur*  on  ooth  the  E-W  and  N-S 
interfarenetara  alisultaneoualy .  The  scintillations  defined  by  the  daahed  lines  do  not  mint  thle  require¬ 
ment  and  therefore  are  not  used  la  the  analysis.  They  ere  dent  lotted  here  because  there  is  some  indication 
that  a  scintillation  stay  have  occurred  at  these  times.  The  peeks  of  the  scintillations  have  bean  uaed 
here  but  the  troughs  could  have  been  usod  equally  well.  There  ie  a  monotcmic  dec  .tease  of  the  period  of 
the  scintillation*  with  time  ba£ ore  local  noon  (17J9  UT)  and  a  monotonic  increase  with  time  after  IocrI 
noon.  Since  the  eaut-went  component  of  velocity  of  the  intersection  of  the  solar  line  of  sight  and  the 
ionosphere  varies  in  the  same  manner  this  behaviour  ia  consistent  with  the  direction  of  travel  deduced 
above;  namely,  the  east-west  direction.  Furthermore,  since  Che  period  of  the  scintillation  decreases  to¬ 
wards  local  noon  and incteeoas  afterwards,  rather  than  the  reverse,  suggests  that  the  TIDs  moved  towards  the 
west.  From  the  degree  of  symmetry  of  the  pattern  produced  by  the  systematic.  variation  of  the  period  in 
Fig.  27-14  about  local  noon,  and  Eq.  27-17,  one  can  estimate  that  the  deviation  of  th*  line  of  travel  from 
the  E-VI  direction  Is  at  most  ±15°.  Finally,  it  la  to  be  noted  then  the  average  period  of  th®  scintillations 
between  1600  and  1830  UT,  when  the  apparent  speed  of  the  eur.  reaches  its  lowest  value,  is  approximately 
13  minutes  It  follows  that  t h*  true  710  period  is  eonnwhet  lass  then  13  minutes. 

A  plot  of  the  i. '.verse  of  the  apparent  period  of  the  ecintillationc  observed  on  November  12,  1969 
versus  the  £-W  component  of  the  velocity  of  the  colar  line  ol  sight  through  the  ionosphere  is  given  in 
Fig.  27-15.  The  altitude  of  Che  Intersection  point  u**d  ia  200  Urn.  The  dashed  line  was  obtained  from  a 
least  squares  fit  of  the  data.  The  dashed  curve  show-'  In  Fig.  27  (4  was  derived  from  the  straight  dashed 
line  in  Fig.  27-15  and  is  appropriate,  for  an  intersection  altitude  of  200  km.  S  mllar  analyses  at  other 
values  of  altitude  would  produce  curves  which  ware  iniietingulshable  from  the  one  shewn  in  Fig.  27-14. 

The  dashed  curve  in  Fig.  27-14  appears  to  explain  the  systematic  variation  of  the  period  of  the  sclnti- 
llatlc's.  The  questionable  data  poir.r  at  i960  UT  appears  to  be  in  agreement  with  the  curve  and  the  one 
at  1430  UT  does  not.  Further  evidence  .‘.hat  the  poinc  at  1940  UT  may  be  real  is  given  by  the  fact  that 
there  appears  to  be  in  Fig.  27-M  ,  a  sclrtillation  in  the  flux  density  at  1940  UT  similar  in  duration  to 

tie  corresponding  angle  of  arrival  scintillation.  At  1420  UT,  on  the  other  hard,  it  is  difficult  to  tell 

whether  there  is  a  corret ponding  scintillation  in  the  flux  density. 

It  follows  flora  Eq.  27-16  that  if,  a.  ->  270“ ,  as  is  the  case  here,  the  slope  of  the  straight  line  in 

Fig.  27-15  is  equal  to,  1/60X,  and  the  intercept  with  the  vertical  axiB  at,  Vx  •  0,  Is,  1/T,  where  V  la 

the  true  71D  wave  period  in  minutes.  Thus,  one  is  able  to  solve  for  the  period,  wavelength,  and  velocity 
of  the  TXDs.  The  only  unknown  Is  the  altitude,  so  that  the  analysis  must  be  repeated  for  a  number  of  al¬ 
titudes  between  100  km  and  500  kn,  or  so.  The  velocity  of  the  TTDs  as  a  function  of  height  is  Indicated 
by  the  solid  curve  In  Fig.  27-16;  the  period  in  minutes  is  indicated  by  the  ntmbers  beside  the  data  points. 
The  standard  deviation  of  the  period  is  *4  minutes.  The  period  decreases  with  Increasing  height.  The 
wavelength  as  a  faction  of  height  is  shown  In  Fig.  27-17. 

The  d<.ohed  curve  in  Fig.  27-16  was  obtained  by  correlating  the  scintillations  in  angle  of  arrival 
and  flux  density  In  Fig.  27-1  1  between  U’45  and  1505  UT.  From  the  ratio  of  maximum  flux  density  divided 
by  average  flux  density  rnd  the  rate  of  change  of  angle  of  arrival  at  the  time  of  maximum  flux  density  the 
apparent  velocity,  ,  given  by  Eq.  27-35  can  be  solved  for  as  a  function  of  height.  Since  one  knows  the 
velocity  of  the  solar  line  of  sight  through  the  ionosphere  as  a  function  of  height  the  ’true"  Tin  velocity 
can  be  solved  for  as  a  function  of  height  and  io  given  oy  the  darhed  curve  in  Fig.  27-16  ,  There  is  agree¬ 
ment  between  the  two  curves  lr  the  lower  ionosphere.  The  curves  appear  to  diverge  above  300  km,  or  so, 
suggesting  that  the  centroid  of  the  TIDs  was  contained  between  100  and  300  km. 

6.3  Angle  of  Arrival  Results  fer  North-South  Moving  TIDs 

The  angle  of  arrival  for  October  27,  1968  is  shown  in  Fig.  27-18  The  solid  curve  gives  the  data  re¬ 
corded  by  the  wide  E-W  interferometer  and  the  dusked  curve  gives  the  data  recorded  by  the  narrow  E-W  inter¬ 
ferometer.  Quail-periodic  scintillations  are  present  between  1340  and  1830  UT.  The  agreement  between 
the  two  aetc  of  data  is  excellent  except  between  1330  and  1420  UT ;  during  which  tiae  the  narrow  E-W  inter¬ 
ferometer  appears  to  have  undergone  a  slow  phase  drift;  although  the  agreement  between  the  small  scale 
structure  Is  good.  The  scintillations  that  appear  on  both  sets  of  data  are  attributed  to  refraction  by 

TIDs.  Fig.  27-19  shows  the  magnitude  of  the  solar  flux  density  on  October  27,  1968.  For  purposes  of 

comparison  the  angle  of  arrival  for  October  27,  1968  is  shown  once  again.  A  comparison  of  the  October  27, 
1968  wide  E-W  Interferometer  angle  of  arrival  data  with  two  sinusoids;  one  With  a  period  of  21  minutes 
and  the  other  with  a  period  of  13  minutes,  is  given  in  Fig.  27-20.  Local  noon  is  indicated  by  the  dashed 
line  at  1709  UT  The  period  of  th ,  scintillations  Is  approximately  ’1  minutes  between  1340  and  1630  UT 
and  again  between  1750  and  1840  UT.  The  21  minute  scintillations  in  the  flcwt  irterval  are  in  phase  with 
the  slnuaold;  whereas,  tho  21  minute  scintillations  in  the  last  interval  are  approximately  180°  out  of 
phase  with  the  sinusoid-  The  period  of  the  scintillarluns  in  the  time  Interval  1645  to  1740  UT  Is  approx¬ 
imately  13  minutes. 

The  angle  of  arrival  and  solar  flux  density  measured  with  the  wide  E.-W  Interferometer  on  October  29, 
1968  is  given  in  Fig.  27-21.  Sclntl nations  in  the  angle  of  arrival  arc  present  between  1330  and  1700 
UT.  The  solar  radio-ware  ealpslor.s  on  this  day  were  sufficiently  constant  In  amplitude  to  show  scinti¬ 
llations  in  the  mearured  flux  density  between  1330  and  1700  UT.  The  scintillation  In  flux  density  at 
1600  UT  la  especially  well  defined  and  approximately  9U°  out  of  phase  with  the  corresponding  angle  of 

arrival  scintillations.  The  acintillatioro  In  angle  of  arrival  are  due  to  retraction  of  the  solar  line 

ot  sight  by  TIDs,  The  scintillations  in  solar  flux  density  are  attrfbuiid  to  focusing  and  detocualng 
associated  with  refraction  of  the  solar  line  of  sight 
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6.  A  Propart  la*  of  North-South  TIDa 

TTha  magnitude  of  the  21  minute  scintilletionH  measured  by  the  F.-W  interferometers  on  October  27,  1968 
la  (Ivan  in  rig.  27  22.  It  can  readily  be  aean  that  after  1520  UT  the  amplitude  decreaaea  towards  local 
noon  and  increases  after  local  noon.  In  addition,  as  mentioned  above,  the  phase  of  the  21  minute  scint¬ 
illations  occurring  after  local  noon  la  approximately  130°  out  of  phase  with  those  occurring  before  local 
noon.  One  can  see  by  referring  to  the  0°  curve  in  Fig.  27-7  that  the  above  characteristics  are  Just  what 
one  would  expect  for  scintillations  recorded  by  an  enst-weat  Interferometer  cauaed  by  TIDa  moving  along 
a  no'-ch-eouth  line  of  travel.  There  is  a  two-fold  ambiguity  in  that  one  does  not  know  whether  the  motion 
la  towards  the  north  or  towards  the  south  along  this  line  of  travel.  The  maximum  deviation  of  the  line 
of  travel  from  the  N-S  direction  la  (±8°).  The  increase  in  magnitude  of  the  sclntlllat Iona  before  1520  UT 
in  Fig.  27-22  1#  not  inconsistent,  with  the  above  interpretation .  In  all  likelihood  the  observed  TIDs  con¬ 
sist  of  wave-packets,  so  that  the  Increase  in  magnitude  corresponds  to  the  increase  in  magnitude  one  would 
expect  at  the  beginning  of  a  realistic  wave-packet. 

Close  inspection  of  Fig.  27  20  shows  no  discernible  systematic  change  in  the  period  of  the  21  minute 
scintillations  between  1345  and  1630  UT.  The  speed  of  the  responsible  TIDs  is  therefore  greater  than  870 
km/hr  assuming  the  centroid  of  the  TIDs  was  contained  between  200  and  500  km,  since  the  north-south  comp¬ 
onent  of  the  velocity  of  the  solar  line  of  sight  changed  by  about  135  km/hr  in  this  interval..  The  T1D 
wavelength  is  greater  than  300  km  because  the  wave-period,  to  a  good  approcimation,  is  21  minutes. 

Since  the  13  minute  scintillations  are  discernible  at  local  noon  the  responsible  TIDs  are  travelling 
in  a  predominantly  E-W  direction.  Their  magnitude  is  smaller  and  they  are  only  discernible  when  the  re¬ 
sponse  of  the  E-W  interferometers  is  low  or  non-existent  to  the  larger  scintillations  produced  by  the  N-S 
TIDs.  These  scintillations  are  similar  to  those  produced  by  the  E-W  TIDs  observed  on  November  12,  3969. 
They  have  similar  apparent  periods,  amplitude,  and  constancy  of  amplitude  about  local  noon. 

The  direction  of  travel  of  the  TIDs  which  produced  the  scintillations  shown  in  Fig,  27-21  is  not 
readily  discernible  from  the  characteristics  of  the  scintillations.  Since  the  period  of  the  scintillations 
between  1515  and  1610  UT  is  21  minutes  suggests  that  the  responsible  TTus  may  have  travelled  north-south 
because  the  scintillations  in  Fig.  27-21,  caused  by  north-south  travelling  TIDs  also  had  a  period  of  21 
minutes.  The  scintillations  in  flux  density  are  again  attributed  to  focusing  and  defccusing  of  the  radio- 
wave  energy  by  TIDs.  If  one  makes  no  assumption  concerning  the  direction  of  travel  of  the  TID,  assumes 
only  that  its  height  was  approximately  300  km  and  then  correlates  the  angle  of  arrival  and  amplitude 
scintillations  between  1540  and  1610  UT,  as  before,  one  can  deduce  the  speed  of  the  TIDs  responsible  for 
bending  the  solar  ray  as  being  greater  than  300  km/hr.  The  upper  limit  of  the  Bpeed  is  a  function  of  the 
line  of  travel;  for  a  north-south  line  of  travel,  for  example,  it  is  roughly  1500  km/hr  and  for  an  east- 
west  line  of  travel  it  is  roughly  700  km/hr. 

The  maximum  observed  TID  Induced  angular  deflection  was  ±20  minutes  of  arc,  indicating,  according  to 
Eq.  27-18,  a  maximum  gradient  in  columnar  electron  content  for  the  TID  of  3.5  x  lO14  el/jn2km.  If  one 
assumes  that  the  TID  which  generated  the  scintillation  was  contained  between  ?50  and  350  km  the  above 
columnar  electron  gradient  corresponds  to  an  electron  number  density  perturbation  of  only  1  percent,  or  so. 

There  is  evidence  that  the  motion  of  the  TIDs  responsible  for  the  scintillations  on  November  12,  1969 
was  perturbed.  For  example  the  amplitude  of  the  scintillations  recorded  by  the  N-S  interferometer  in  Fig. 
27-23  deviates  significantly  from  a  possible  average  value  of  8'  arc  at,  1500,  1610  and  1730  UT.  The  ap¬ 
parent  period  in  Fig.  27-14  departs  from  the  dashed  curve  at  1540,  1610  and  1720  UT.  In  Fig.  27-11  one 
can  discern  an  enhancement  in  flux  density  at  1430,  1520,  1630  and  1730  UT.  The  good  agreement  between 
the  above  times  at  which  these  parameters  were  perturbed  suggests  that  the  perturbations  are  real  and 
have  a  period  of  the  order  of  an  hour,  or  so. 

7.  CONCLUSION 

7.1  The  solar  radio  Interferometer  was  shown  to  be  a  sensitive  instrument  for  detecting  TIDs  in  the  iono¬ 
sphere;  capable  of  detecting  TIOs  with  electron  number  density  perturbations  as  low  as  one  oercent  or  less. 
The  TIDs  were  observed  as  quasi-periodic  scintillations  in  the  angle  of  arrival  of  radio-waves  emitted  by 
localized  disturbed  regions  on  the  solar  disk.  It  was  shown  that  the  speed,  line  of  travel,  period  and 
wavelength  of  the  TIDa  could  be  deduced  from  the  manner  in  which  the  period  and  magnitude  of  the  observed 
scintillations  varied  with  time.  The  speed  of  the  TIDs  as  a  function  of  height  was  also  determined  by 
correlating  the  degree  of  amplitude  fading  due  to  defocusing  and  focusing  effects  with  the  maximum  observed 
rate  of  change  of  angle  of  arrival. 

The  sun,  when  emitting  rf  energy  at  an  enhanced  level,  was  shown  to  be  an  effective  source  for  de¬ 
tecting  TIDs.  In  effect,  it  tends  to  select  time  intervals,  for  the  observer,  when  there  is  a  good  like¬ 
lihood  of  TIDb  being  present  in  the  ionosphere.  TIDs  tend  to  be  present  when  the  ionosphere  is  disturbed 
and  the  ionosphere  tends  to  be  disturbed  when  the  sun  is  disturbed.  The  fact  that  the  sun  radiates  at  an 
enhanced  level,  only  at  times  when  it  Is  in  a  disturbed  state,  completes  this  cause  effect  relationship. 

On  the  other  hand  it  is  not  an  effective  source  for  obtaining  synoptic  measurements  because  measurements 
are  possible  only  on  those  infrequent  occasions  when  the  sun  is  radiating  at  an  enhanced  level. 
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Geometry  of  cwo  rays,  S,  from  a  radio  source  and  an  interferometer  with  Its  base-line  on  the 
OY  axis.  The  two  elements  of  the  interferometer  are  located  at,  0,  and,  A.  The  interfero¬ 
meter  angle  is,  6;  the  altitude  of  the  source  is,  h;  and  the  azimuth  of  the  source  with 
respect  OY  is,  A'^ 


Geometry  of  narrow  and  wide  east-west  Interferometers  and  north-south  interferometers;  con¬ 
sisting  of  the  following  pairs  of  antennas  Yo  and  Yj,  Yo  and  Y2,  Yo  and  Y3, 
respectively. 
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Fig.  27-3 


a)  Plana  defined  by  observer's  location,  center  of  the  earth  and  solar  line  of  sight, 

b)  Observer's  celestial  hemisphere  shoving  angles  used  in  defining  the  point  of  intersection 
of  the  solar  line  of  sight  with  the  ionosphere. 
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Fig.  27-4  Tha  curve*  show  the  loci  of  th*  intersection  of  the  solar  line  ol  sight  with  various  levels 
In  the  ionosphere  as  a  function  of  time.  Co-ordinate  axes  shown  in  the  insert  define 
positive  values  for  th*  two  velocity  components,  Vr,  and,  Vy,  of  the  solar  line  of  sight 
through  tha  ionosphere. 


Plot  of  November  12,  1969  values  of,  Vx,  end,  Vy,  as  a  function  of  time  for  various  heights. 
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Fig.  27-10  Angle  of  arrival  varsua  tima  measured  by  vide  E-W  interferometer  on  October  28,  1968.  This 
reeult  la  conaistant  with  a  stationary  solar  source  and  a  relatively  undisturbed  ionosphere. 
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Fig.  27-11  Comparison  of  angle  of  arrival  aud  solar  flux  density  measured  with  the  N-S  interferometer 
on  November  12,  1969. 
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Ffg,  7714  Apparent  period  of  scintillation*  observed  on  Novambsr  12,  1969  versus  universal  time. 
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Fig.  2115  Plot,  ci  the  Inver**  of  the  apparent  period  of  the  November  12,  1969  ecinti  Hation®  versus 
tin  went  component  of  th«i  viloclty  of  the  solar  line  of  sight  through  tha  200  Sun  level. 
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27-16  Spaed  of  the  E-W  TIDa;  observed  on  November  12,  1969  versus  altitude.  Solid  curve  was  derived 
from  tha  observed  long  carta  variation  in  the  apparent  period.  Numbers  on  tho  curve  ;;ive  the 
TID  period  in  minutes.  Pashad  curve  was  obtained  from  a  correlation  of  the  amplituu  ■  and 
angle  of  arrival  uclntlllation. 
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Fig.  27-17  Wavelength  of  E-W  TlDs  observed  on  November  12.  1969  varsug  altitude. 
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Fig.  27-18  Comparison  cf  me  ajigle  of  arrival  versus  time  measured  by  the  wldu  E-W  and  narrow  E-W  Inter¬ 
ferometers  on  October  27,  1968. 
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Fig.  27-19  Comparison  of  angle  of  errlvsl  and  aolsr  flux  density  measured  on  October  27,  4,968. 
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Fig.  27-20  Comparison  of  the  angle  of  artival  measured  with  the  wide  E-W  lntsrferoma'.er  on  October  27, 
1968  with  two  sinusoids  one  vitfc  a  period  of  21  rlnutee,  the  other  with  a  j  jriod  of  13 
minutes . 
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Fig,  27-2!  Angle  of  arrival  and  solar  flux  density  versus  time,  measursd  with  the  widu  E~V  Interfero¬ 
meter  on  October  2?,  1968. 
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Vig.  27-22  Amplitude  of  scintillations  measured  by  wide  E-W  interferometer  on  October  27,  1968,  versus 
universal  time. 
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Fig.  27-23  Magnitude  of  the  scintillations  measured  by  the  N-S  interferometer  on  November  12,  1961 
versus  universal  time. 
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SOMMAIRE 


On  a  procSdS  i.  une  sSrie  d'  exjSriencea  consacrSes  aux  effeta  des  perturbations  ionosphi- 
riques  itinSrantes  sur  let  mesures  d'aziaut .  Le  systAme  d'antenne  rSceptrice  utilisfi  Stait  un  en¬ 
semble  A  large  ouverture,  dispose  en  cercle  j  lee  doanSes  fournies  par  ce  dispositif  Staient  trai- 
tSes  par  un  systAae  autcnatique  de  meeure  d'azimut,  lea  rSsultats  obtenus  indiquirent  que  l'atimut 
St  a  it  affect*  de  fluctuations  prSsentant  des  pSriodea  de  l'ordre  de  20  minutes.  Certains  jours,  une 
sequence  continue  de  fluctuations  apparaissait  sur  l'enregistrement.  et  d'autres  jours,  elles  en 
Staient  presque  absentee,  En  suppaeant  qua  l'on  Stait  en  presence  d'une  reflexion  speculaire  on 
voyait  que  l'erreur  de  giseaent  observSe  pour  un  soul  saut  correspondait  a  des  pentes  ionosphSri- 
ques  atteignant  juaqu'A  9  djgrSa ,  De  plus,  on  estijaait  que  cee  pentes  pouvaient  verier  A  raison 
de  1°  par  minute.  Des  rSsultats  suggArent  Sgalement  la  presence,  dans  1'ionosphAre.  d'inclinaisons 
systSaatiquer  qui  variant  avec  l'angle  sSnithal  solaire.  Lea  implication  de  ces  result  at  a  pour  lea 
cooaunications  radio  sont  oxaainSea  du  point  de  rue  pratique. 
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THE  EFFECT  OF  IONOSPHERIC  DISTURBANCES  ON  THE  BEARINGS  OF  INCOMING  SKY  WAVES 

A  D  MORGAN 

Government.  Communications  Headquarters,  Cheltenham,  England. 


SUMMARY 


A  aeries  of  experiments  waa  conducted  to  examine  the  effectB  of  TIDs  on  bearing  measurements.  The 
receiving  aerial  used  war  a  circularly  disposed  wide  aperture  array  und  the  output  from  the  array  waa 
processed  by  an  automatic  bearing  measuring  equipment.  The  results  showed  that  the  bearing  fluctuated 
with  periods  of  the  order  of  20  minutes.  On  some  days,  the  bearing  record  showed  a  continuous  sequence  of 
these  fluctuations  whereas,  on  other  days,  the  fluctuations  were  almost  absent.  On  the  assumption  of  a 
mirror  typo  of  reflection,  the  observed  bearing  error  for  a  single  hop  path  corresponded  to  ionospheric 
tilts  of  up  to  9  degrees.  Further,  on  this  assumption,  it  i3  estimated  that  these  tilts  can  change  at  the  rate 
of  up  to  one  degree  per  minute.  The  results  also  suggest  the  presence  of  systematic  tilts,  in  the  ionosphere, 
which  chunge  with  the  diurnal  change  of  the  solar  zenith  angle.  The  implications  of  these  results,  on 
practical  radio  communication,  are  briefly  discussed. 

1.  INTRODUCTION 


In  general,  a  travelling  ionospheric  disturbance  (TID)  causes  deformation  of  the  contours  of  constant 
electron  density,  ie,  they  are  no  longer  spherical  with  respect  to  the  earth's  surface.  Under  these 
circumstances,  the  contours  of  constant  electron  density  will  be  "tilted"  and  these  tilts  will 
deflect  sky  waves  from  their  true  great  circle  path  (provided  that  the  component  of  the  tilt,  transverse 
to  the  path,  is  not  zero).  This  deflection  can  be  measured  by  recording  the  bearing  of  the  incoming  sky 
wave.  In  this  paper,  the  effects  of  ionospheric  tilts,  on  bearing  measurements,  are  examined.  Ionospheric 
tilts  can  be  thought  of  as  consisting  of  2  components,  namely:- 

(r)  The  systematic  tilts 
and  (b)  The  random  tilts. 

The  present  paper  deals  with  the  effect  of  random  tilts  on  bearing  measurements. 

Ross  (19^9)  distinguished  between  two  types  of  random  bearing  errors,  namely:- 

(i)  Slowly  changing  bearing  deviations 
and  (ii)  Rapidly  changing  bearing  deviations. 

The  slowly  changing  bearing  deviations,  the  quasi  periods  of  which  were  10  to  JO  minutes,  or  more,  were 
ascribed  to  the  tilting  or  wrinkling  of  the  ionosphere.  The  more  rapid  fluctuations  were  attributed  to 
wave  interference  effects.  later  papers  by  Bramley  and  Ross  (1951)  and  Bramley  (1956)  gave  the  periodicity 
of  the  slow  fluctuations  as  between  1-J  and  JO  minutes,  or  more,  while  the  rapid  fluctuations  (caused  by 
wave  interference)  had  periods  of  the  order  of  a  few  seconds. 

The  ionospheric  wrinkles  (or  silts)  which  give  rise  to  the  slowly  changing  bearing  deviations  are 
often  referred  to  as  the  Ross  tilts.  The  bearing  deviations,  caused  by  the  Ross  tilts,  can  be  regarded  as 
having  a  periodicity  of  the  order  of  20  minutes.  Clearly,  when  bearing  measurements  are  averaged  over 
periods  of  the  order  of  5  to  10  minutes,  the  averaged  effect  of  wave  interference  will  tend  to  zero,  but 
the  effect  of  the  Ross  tilts,  on  the  averaged  bearing  measurements,  will  not  tend  to  zero.  Thus  the  effect 
of  the  Ross  tilts  on  bearing  measurements  is  important  and  this  paper  deals  with  this  effect. 

The  present  series  of  experiments,  described  in  thi^  paper,  differed  in  two  ways  from  the  earlier 
experiments,  undertaken  over  20  years  ago,  by  Bramley  and  Ross.  Firstly,  the  initial  measurements  of 
Bramley  and  Ross  were  taken  manually  (photographing  the  CRT  of  a  twin  channel  CRT  direction  finder) 
whereas,  in  the  present  investigation,  on  automatic  bearing  measuring  equipment  was  used.  The  second 
difference  was  that,  in  the  present  experimental  investigation,  an  aerial  array  with  an  aperture  of  1075  ft 
was  used,  as  compared  with  an  aperture  of  100  metres  used  by  Bramley  and  Ross. 

2.  EXPERIMENTAL  DETAILS 

2.1  Equipment 

A  circularly  disposed  wide  aperture  array,  situated  at  Blakehill  in  S. England,  war.  used  for  the 
experimental  investigation.  The  elements  of  the  array  consisted  of  pairs  of  elevated  d  monopolos.  I-  .  Ii 

monopole  was  30  ft  high  with  the  feed  point  located  10  ft  from  the  base.  The  bottom  M  ft  section  was 
earthed  and  it  was  isolated  from  the  upper  section.  Two  of  these  elements  were  men  combined  to  form  a 
doublet.  The  2  elements  of  the  doublet  were  placed  on  a  radiai,  of  the  circular  .array,  .at  a  separation  of 
16  ft.  The  output  from  the  inner  element  (os  judged  from  the  centre  of  the  .array)  was  fed  through  a  delay 
cable  and  then  combined,  by  means  of  a  hybrid  transformer,  with  the  output  of  the  outer  •  Lament .  The  output 
from  the  doublet  was  taken  from  the  difference  port  of  the  hybrid  transformer  to  give  the  doublet  .an  outward 
looking  cordioidal  polar  diagram.  The  null  of  this  cordioid  pattern  pointed  towards  the  cei  tre  of  the  art  ay 
thus  giving  relatively  low  response  in  the  backward  direction. 

The  complete  array  consisted  of  96  doublets  equally  Gpaced  on  a  circle  of  1075  ft.  diameter.  A  beam 
was  formed  by  combining,  in  a  rotating  goniometer,  the  outputs  fr.’om  any  adjacent  3 2  doublets  of  the  array. 
The  goniometer  rotated  at  the  rate  of  600  revolutions  per  minute,  find  it  had  the  facility  to  provide  either 
a  sum  or  a  difference  pattern.  For^the  sum  pattern,  the  output  from  the  J2  doubl'ts  were  added  ( through 
suitable  delay  networks)  to  give  a  —  type  of  distribution.  Foi  the  difference  pattern,  the  output  t  ■  "n 


tins  doublets  were  subtracted  and  this  gave  h  pattern  with  u  notch  in  the  main  beam  and  a  ahapo 
approximately  equal  to  the  differential  of  the  sum  pattern.  In  general,  the  bearing  measurement:!  were 
made  with  the  aerial  used  in  its  difference  pattern  mode. 

The  output  of  the  goniometer  was  digitised  and  recorded  on  magnetic  tape.  The  magnetic  tape  war, 
processed  by  a  computer  and  the  bearing  was  computed  by  means  of  an  algorithm  which  extracted  the  notch 
of  the  difference  pattern.  For  each  bearing,  a  second  algorithm  computed  a  'figure  of  merit.'  and  this 
tested  the  clooeneao  with  which  the  output  from  the  goniometer  fitted  the  expected  polar  diagram.  The 
maximum  and  minimum  values  of  the  figures  of  merit  were  normalized  to  100  and  zero,  respectively. 

Typically,  large  values  of  the  figure  of  merit  (greater  thun  90)  would  correspond  to  bearings  taken  under 
ideal  conditions,  for  example,  when  there  was  no  wave  interference  which  would  occur  ■ihen  the  signal  was 
being  received  by  one  mode  of  propagation  only.  On  the  other  hand,  low  values  of  the  figure  of  merit  would 
generally  correspond  to  bearings  taken  at  times  when  conditions  were  bad,  for  example,  when  there  was 
severe  wave  interference  which  would  occur  when  the  signal  was  being  received,  simultaneously,  by  several 
modes  of  propagation. 

Both  the  bearing  error  and  the  figure  of  merit  were  plotted,  as  a  function  of  time,  by  a  computer 
controlled  plotter.  These  results  are  described  in  section  3* 

2.2  Choice  of  Transmitter 


The  transmitters  that  were  chosen  for  n.  jnitoring  had  to  satisfy  two  criteria.  The  first  criterion 
was  that  the  arriving  sky  wave  should  be  o  'nominally'  single  hop,  single  mode  signal.  This  enabled  the 
effects  of  the  Ross  tilts,  on  bearing  measurements,  to  be  examined  under  the  simplest  conditions.  The 
ESSA  ionospheric  predictions  were  used  to  test  whether  the  above  criterion  could  be  met.  Since  these 
predictions  only  gave  the  'median'  conditions  for  a  month,  no  account  could  be  taken  of  day  to  day  changes 
in  the  ionosphere.  Further,  no  account  was  taken  of  magneto-ionic  splitting  (the  arrival  of  the  'O'  and 
•X'  components,  simultaneously),  the  Pedersen  ray  or  the  occurrence  of  sporadic  E.  Thus  the  term  'nominal' 
was  included  in  the  first  criterion  in  order  to  distinguish  it  from  the  case  of  a  pure  single  hop,  single 
mode  signal.  The  only  way  in  which  a  frequency  could  have  been  chosen  to  give  a  pure  single  mode  signal, 
would  have  been  to  use  an  on-line  oblique  sounder.  Clearly,  it  would  have  been  necessary  to  have,  for 
this  type  of  experiment,  exercised  complete  control  over  the  transmitter.  Neither  an  oblique  sounder  nor 
a  co-operative  transmitting  site  were  available  at  the  time  of  the  experiments. 

The  second  criterion  that  had  to  be  met  was  tnat  the  transmitter  had  to  have  a  frequency  schedule 
such  that  suitable  frequency  changes  could  be  made,  over  the  full  24  hours,  in  order  to  satisfy  the  first 
criterion.  In  order  that  this  second  criterion  could  be  met,  the  transmitter  had  to  be  active  (even  if 
it  only  transmitted  its  callsign  on  a  band  slip)  on  a  number  of  frequencies  over  the  24  hours. 

It  was  not  possible  to  find  any  transmitters  that  could  meet  both  of  the  above  two  criteria  over 
the  full  24  hours.  However,  there  were  3  transmitters  which  met  the  above  criteria  for  most  of  the  time 
and  those  were  Aran  Juez,  Prague  and  Rome.  Full  details  concerning  their  callsigns  and  frequencies  are 
given  in  Table  I.  The  locations  of  the  transmitters,  listed  in  Table  I,  were  obtained  from  the  international 
Berne  list. 


Transmitter 

Callsigr 

Frequency 

MHz 

Range  from 
the  receiving  array 
( kins ) 

True  Bearing  from 
the  receiving  array 
(deg) 

Prague 

OIW 

6.820 

1204 

91.1 

om 

6.958 

1204 

91.1 

Olfi 

10.125 

1204 

91.1 

oid/oig 

10.308 

1204 

91.1 

OLD 

18.303 

1204 

91.1 

Prague 

0I£ 

3.777 

1166 

91.8 

OLZ 

7.695 

1166 

91.8 

Aran  Juez 

EAD 

6.383 

1295 

186.8 

EAD 

8.682 

1295 

186.8 

EAD 

■17.185 

1295 

186.8 

Rome 

IAR 

6.410 

1543 

129-4 

IAR 

8.670 

1543 

129.4 

IAR 

13.015 

1543 

129.4 

IAR 

17.233 

1543 

129.4 

Norddeich 

DAN 

8.638 

648 

66  •  5 

DAM 

12.763 

648 

66.5 

DAN 

13.027 

648 

66.5 

TABUS  I  -  List  of  Transmitters  and  their  Callsign  used  for  the  trial 

For  interest,  the  MUF  curves  for  the  3  paths  Aran  Juez/Blakehill,  Prague/Blakehill  and  Rome/Blakehdll,  for 
November  1970,  are  given  in  Figures  1A  to  1C  and  it  can  be  seen,  from  the  frequency  schedules,  that  for 
most  of  the  time,  a  frequency  could  be  chosen  such  that  it  was  very  close  to  the  MUF. 
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A  fourth  transmitter,  Norddoich,  was  also  monitored.  This  transmitter  was  chosen  simply  to  examine 
the  effects  of  the  Ross  tilts,  on  bearings,  for  a  relatively  short  path.  It  was  expected  that,  for  short 
□alhs,  the  effects  cf  the  Rosa  tilts,  on  bearing  measurements,  would  bo  strengthened.  The  MUF  curve  for 
the  Norddeicfy'Blakehill  path  is  shown  in  Figure  ID. 

2.3  Experimental  Procedure 

A  transmitter  was  chosen  from  the  lint  in  Table  I  and  it  was  monitored  for  a  continuous  period  of 
?M  hours.  At  any  time  during  the  24  hours,  the  choice  of  frequency  was  made  by  reference  to  the  MUF  curves 
from  which  it  could  be  seen  whether  or  not  the  frequency  in  use  was  close  to  the  MUF.  Bearing  measurements 
were  only  taken  on  signals  that  arrived  by  a  great  circle  path  and  no  measurements  were  taken  on  signals 
that  arrived  by  a  side-scatter  path.,  This  criterion  was  checked  by  comparing  the  observed  bearing  with 
that  of  the  true  bearing  of  the  transmitter.  If  the  difference  was  greater  than  20  degrees,  then  the  signal 
was  assumed  to  be  arriving  by  a  side-scatter  path  and  a  lower  frequency  was  selected. 

During  the  morning  period,  a  monitor  receiver  was  used  to  check  the  next  highest  frequency  to  that 
being  recorded.  As  soon  as  the  next  highest  frequency  was  audible,  then  a  frequency  change  was  made.  In 
the  afternoon  period,  when  the  MUF  was  dropping,  the  monitor  receiver  was  used  to  check  the  next  lowest 
frequency.  In  this  way,  frequency  charges  were  made  smoothly.  Frequencies  that  were  less  than  0.?  of  the 
predicted  MUF  were  not  generally  recorded. 

After  recording  a  transmitter  for  a  period  of  24  hours  then,  either  another  transmitter  was  chosen 
for  the  next  24  hours,  or  the  same  transmitter  was  chosen  for  a  second  period  of  24  hours.  The  tests  were 
conducted  over  the  period  23  November  to  7  December  1970. 

The  bearing  measurements  were  recorded,  automatically,  as  described  in  section  2.1.  The  recording 
rate  was  set  at  one  bearing  every  4  seconds  for  morse  signals  and  one  bearing  every  8  seconds  for  all  other 
types  of  signals.  The  different  recording  rate  for  these  signals  was  simply  due  to  the  fact  that,  for 
morse  signals,  the  time  interval  for  the  •off  positions  of  the  morse  keying  was  relatively  long  (100  msecs, 
or  more).  When  the  rotor  of  the  goniometer  pointed  to  the  transmitter  during  an  ’off’  period,  the  automatic 
bearing  recording  equipment  was  not  triggered  and  no  bearing  measurement  was  made.  To  compensate  for  this, 
the  recording  speed  for  morse  signals  was  increased  by  a  factor  of  two. 

Only  one  revolution  of  the  goniometer  was  used  to  give  a  bearing  measurement.  The  goniometer  rotated 
at  a  speed  of  10  revolutions  per  second  and  a  recording  rate  of  one  bearing  every  8  seconds  meant  that  only 
one  revolution  in  every  80  was  used  to  give  a  bearing  measurement.  A  faster  recording  rate  would  have 
highlighted  the  rapid  fluctuations  of  the  bearing  rather  than  the  effects  of  the  Ross  tilts. 

Another  recording  technique  that  would  be  worthwhile  using  would  be  to  compute  the  hearing  measurement 
using  the  information  from  all  the  goniometer  revolutions  that  were  made  within  a  specific  time  interval, 
eg,  with  a  recording  rate  of  one  bearing  every  8  seconds,  the  bearing  measurement  could  be  estimated  by 
averaging  all  of  the  8o  bearings  obtained  from  every  revolution  of  the  goniometer.  It  is  intended  to  try 
this  recording  technique  (which  is  more  sophisticated  than  that  used  in  the  present  experiments,  described 
here)  at  a  later  stage. 

3-  EXPERIMENTAL  RESULTS 

3. 1  Presentation  of  the  Data 

Samples  of  the  results  ace  shown  in  Figures  2  to  15.  In  each  case,  the  symbol  used  for  plotting  the 
bearing  is  as  follows 

o  represents  a  bearing  with  a  figure  of  merit  between  8l  and  100 

$  represents  a  bearing  with  a  figure  of  merit  between  61  and  80 

A  represents  a  bearing  with  i  figure  of  merit  equal  to,  or  less  than  60. 

The  exact  value  of  the  figure  of  merit,  associated  with  each  bearing,  was  plotted  by  the  symbol  'X' 
on  the  graphs.  This  enabled  the  trend  of  the  figure  of  merit,  as  a  function  of  time,  to  be  examined  on 
each  graph. 

The  graphs,  shown  in  Figures  2  to  15,  have  been  selected  to  illustrate  various  aspects.  All  the 

bearings  that,  were  more  than  10  degrees  in  error  were  not  considered  in  this  report.  It  is  obvious  that 

these  wild  bearings  do  not  affect  the  general  patterns  of  bearing  fluctuation  (shown  in  the  graphs). 

Bearings  which  are  greater  than  +10  degrees  in  error  are  shown  at  the  bottom  of  the  printout. 

3.2  Typical  Day-time  Records 

Figures  2  and  3  show  examples  of  typical  day-time  records.  The  records  were  both  obtained  for  the 
Aran  Jue^/Blakehill  path  (range  -  1293  tons,  frequency  =  17.185  MHz).  In  Doth  records,  the  bearing  error 
varied  within  a  range  of  +  1$  degrees  of  the  true  bearing. 

It  ie  interesting  to  note  that,  in  Figure  2,  the  figure  of  merit  has  relatively  high  values  during 
the  bearing  perturbation  of  +lj  degrees  at  about  14-30.  This  is  shown  by  the  circles,  printed  on  the 
graph,  and  it  suggests  that,  at  tnis  time,  the  display  given  by  the  incoming  signal  was  very  good.  However, 
the  values  of  the  figure  of  merit  are  relatively  low  during  the  small  bearing  perturbation  at  about 
15-12.  This  is  indicated  by  the  presence  of  triangles  and  it  suggests  that  the  display  given  by  the  incom¬ 
ing  signal  was  relatively  poor.  The  observations  suggest  that,  at  any  instant,  the  figure  of  merit  gives 
no  indication  of  whether  the  bearing  was  influenced  by  the  Ross  tilts.  Examination  of  all  the  data  obtained 
during  the  exercise  has  shown  that  this  result  is  general. 
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Another  interesting  result  concerning  Figure  2  is  that  the  overall  bearing  error  tends  to  be  positive. 
This  agrees  with  the  direction  of  the  east-west  component  of  the  systematic  tilt  for  the  afternoon  period 
since  the  true  bearing  of  Aran  Juan,  at  Blakehill,  is  186.8  degrees  and  this  path  will  be  mainly  affected 
by  E-W  component  of  the  ionospheric  tilts. 

In  Figure  3,  the  overall  bearing  error  is  negative.  Again,  this  is  in  agreement  with  the  direction 
of  the  east-west  component  of  the  systematic  tilt  for  the  morning  period. 

3.3  Quiet  Record 

The  quietest  recording  obtained,  during  the  trial,  was  that  for  Rome  (frequency  =  17.233  MHz, 
range  =  1543  kms),  over  the  period  from  07.00  to  12.00  (which  was  the  end  of  the  recording)  on  30  November. 

A  sample  from  this  record  is  shown  in  Figure  4  and  it  can  be  seen  that  the  bearing  error  never  exceeds  a 
value  of  +0.5  degrees.  On  the  assumption  of  a  single-hop  (IF  mode),  mirror  type  reflection,  this  bearing 
error  corresponds  to  an  ionospheric  tilt,  in  a  direction  normal  to  the  groat  circle  path,  of  about 
+1.3  degrees. 

Over  the  period  of  the  record,  shown  in  Figure  4,  the  overall  bearing  error  is  virtually  centred  on 
zero.  Since  the  true  bearing  of  the  transmitter  is  129.4  degrees,  then  the  systematic  tilt  for  the  path 
will,  approximately,  consist  of  an  equal  contribution  from  tho  N-S  ad  E-W  components  of  the  systematic 
tilt.  The  bearing  errjr  for  the  former  will  be  positive  whereas  the  bearing  error  for  the  latter,  during 
the  morning  period,  will  be  negative.  Thus,  it  is  reasonable  that  the  overall  bearing  error  for  Rome, 
during  the  morning  period,  is  around  zero. 

3.4  Disturbed  Record 


An  example  of  a  disturbed  record  is  shown  in  Figure  5.  The  values  of  the  bearing  error  appear  to 
trace  a  wave-like  pattern  with  a  broadband  of  about  one  degree  in  width.  The  exception  to  this  is  the 
bearing  perturbation  that  occurs  between  13-33  and  16-10  since,  over  this  period,  there  does  not  appear 
to  be  any  smearing  of  the  bearing  error  curve.  The  maximum  bearing  error  during  this  period  is  4£  degrees 
and  it  occurs  at  about  15-55*  For  this  time  of  the  day,  the  predicted  MUF  i'Oi  the  IF  and  2F  modes  was 
11.2  and  8.0  KHz,  respectively.  Since  tho  transmitter's  frequency  was  10.508  MHz,  it  seems  likely  (but  not 
proved)  that  the  IF  mode  was  being  propagated.  On  the  assumption  of  a  simple  mirror  type  of  reflection, 
the  component  of  the  ionospheric  tilt  in  a  direction  normal  to  the  great  circle  path,  that  would  correspond 
to  a  IF  mode,  is  of  the  order  of  9  degrees.  This  observation  suggests  that  ionospheric  tilts,  as  large 
as  9  degrees,  could  bt  associated  with  TIDs.  It  is  planned  to  conduct  further  experiments  in  which  a  vertical 
sounder  will  be  used  at  the  raid-point  of  the  path.  This  will  provide  more  accurate  information  on  the  state 

of  the  ionosphere  so  that  the  mode  of  propagation  can  be  deduced  more  precisely. 

During  the  bearing  perturbation  commencing  at  15-33,  a  relatively  large  number  of  the  bearings  have 
high  values  of  the  figure  of  merit  -  as  indicated  by  the  circles.  For  these  bearings,  the  display  given 
by  the  incoming  signal  must  have  been  relatively  very  good  and  this  again  emphasises  the  fact  that,  at  any 

instant,  the  DF  display  does  not  give  indication  as  to  the  accuracy  of  the  bearing . 

The  fast  fluctuations  (about  one  degree  in  amplitude),  superimposed  on  the  bearing  error  curve,  are 
probably  caused  by  wave  interference.  This  wave  interference  could  be  caused  by  two  modes  of  propagation 
arriving  at  different  angles  of  elevation  or  a  number  of  waves  arriving  in  a  cone.  This  latter  effect 
could  be  caused  by  the  surface  of  the  ionosphere  being  corrugated. 

It  is  also  interesting  to  note  that  the  overall  bearing  error  for  the  Prague  record,  shown  in 
Figure  5,  is  positive.  This  is  in  agreement  with  the  direction  of  the  systematic  tilt  for  an  easterly  path. 

As  a  matter  of  interest,  the  observed  values  of  h'F  (minimum  height  of  the  F  layer)  at  Lindau  have 
been  plotted,  at  half-hourly  intervals,  for  the  disturbed  day  of  2  December  and  the  quiet  day  of  30  November 
(see  Figure  4).  The  ionospheric  station  is  not  exactly  at  the  mid -point  of  either  the  Prague-Blakehill 
path  or  the  Rome-Blakehill  path.  Nevertheless,  the  station  was  sufficiently  close  to  the  mid-points  to 
enable  some  idea  to  be  obtained  of  whether  the  ionosphere  was  disturbed  or  quiet.  The  graphs  of  h'F,  for 
these  2  days,  are  shown  in  Figures  16  and  17.  The  graphs  suggest  that  the  ionosphere  was  more  disturbed 
on  2  December  than  it  was  on  30  November.  This  agrees  with  the  bearing  records  obtained  on  those  days. 

3.5  Typical  Example  of  a  Short  Path 

An  example  of  a  bearing  error  record,  for  a  short  path,  is  shown  in  Figure  6.  The  record  was 
obtained  for  the  Norddeich/Blakehill  path  (range  =  648  kms ,  frequencies  =  8.638  and  13.027  MHz).  The 
bearing  perturbations  are  considerably  larger  than  those  observed  on  any  of  the  other  paths  and  this  is 
primarily  due  to  the  relatively  short  range  of  the  path.  The  value  of  the  maximum  bearing  error  is 
5.8  degrees  and  it  occurs  at  09.38.  It  is  shown  below  that  the  mode  of  propagation  must  nave  been  a 
IF  rather  than  a  2F  mode  and,  for  a  mirror  type  of  reflection,  this  bearing  error  would  correspond  to  a 
component  of  the  ionospheric  tilt,  in  a  direction  normal  to  that  of  the  great  circle  path,  of  about 

6.5  degrees. 

At  09.18,  there  is  a  marked  decrease  in  the  figure  of  merit  which  corresponds  with  a  crest  in  the 
bearing  fluctuation.  This  occurrence  is  exceptional.  If,  of  course,  it  occurred  regularly,  then  the  figure 
of  merit  could  be  used  to  give  an  indication  of  whether  the  bearing  measurement  was  influenced  by  the 
effects  of  the  Ross  tilts. 

At  08-11,  e  frequency  change  was  made  and  a  higher  frequency  was  monitored.  This  frequency  change 
was  made  because  the  higher  frequency  became  audible  at  this  time  (a  monitor  receiver  was  used  to  check 
this).  However,  the  bearing  record  shows  that  there  i6  no  mark  discontinuity  in  the  bearing  fluctuation 
at  that  time.  The  radio  wave  at  a  frequency  of  13.027  KHz  will  have  been  reflected  at  a  grerter  height 
than  the  radio  wave  at  a  frequency  of  8.638  MHz.  Thus,  in  this  case,  the  Ross  tilt  had  thp  same  effect 
at  both  reflection  levels  although,  both  reflection  levels  were  in  the  F  region.  As  yet,  there  have  not 
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been  sufficient  data  collected  to  test  if,  at  any  instant,  the  bearing  error  due  to  Ross  tilts  would  be 
the  sane  for  radio  waves,  in  a  range  of  frequencies,  reflected  in  the  same  layer. 

Around  08-37,  there  is  a  gap  in  the  bearing  curve  which  coincides  with  a  crest  of  a  bearing 
perturbation.  At  this  tine,  the  working  frequency  was  above  the  predicted  MUF,  for  the  IF  node,  of 
11  MHz.  Thus,  it  is  safe  to  aasune  that,  at  this  time,  the  skip  zone  was  close  to  the  receiver.  One 
possible  explanation  of  the  disappearance  of  the  great  circle  bearing  around  08-37  is  that  the  disturbance, 
associated  with  the  bearing  perturbation,  tilted  the  ionosphere  in  such  a  way  that  the  skip  zone  moved 
outwards  (from  the  transmitter)  beyond  the  receiver.  A  few  minutes  later,  when  the  bearing  error  had 
decreased  (and  the  great  circle  path  restored),  the  skip  could  well  have  returned  by  moving  inwards 
(towards  the  transmitter)  and,  in  doing  so,  passed  over  the  receiver.  This  would  account  for  the  disap¬ 
pearance  of  the  great  circle  bearings  at  a  time  when  there  was  a  relatively  large  disturbance  affecting 
the  path.  In  general,  phenomena,  such  as  the  one  just  described,  can  only  be  explained  with  a  high  degree 
of  certainty  when  an  oblique  sounder  is  available  over  the  path. 

Finally,  the  overall  bearing  error  in  Figure  6  tends  to  be  positive.  The  true  bearing  of  Norddeieh, 
from  Blakehill,  is  66.5  degrees.  Thus,  both  the  east-west  and  north-south  components  of  the  systematic 
tilt  will  effect  the  overall  bearing  error  for  the  path.  During  the  morning  period,  the  systematic 
bearing  error  for  a  northerly  transmitter  will  be  positive  while  the  bearing  error  for  an  easterly 
transmitter  will  also  be  positive.  Thus,  for  a  north-easterly  path,  the  components  will  combine  to  give 
a  relatively  large  positive  error.  For  the  case  of  the  Norddeich/Blakehill  path,  this  error  is  again 
enhanced  because  of  the  relatively  short  distance  of  the  path.  This  probably  accounts  for  the  overall 
large  positive  error  observed  in  Figure  6. 

3.6  Night  Time  Records 

A  typical  example  of  a  night  time  record  is  shown  in  Figure  7.  In  general,  the  record  shows  a 
broad  spread  of  bearings  compared  with  the  wave  like  appearance  of  the  day-time  records.  It  is  thought 
that  the  broad  spread  of  bearings,  observed  during  the  night-time  is  due  to  the  night-time  ionosphere 
being  turbulent.  However,  only  further  investigations  will  clarify  this  matter. 

Exceptionally,  wave  like  patterns  have  been  observed  during  the  night  and  such  an  example  is  shown 
in  Figure  8  for  Aran  Juez  (true  bearing  =  l86.6  dogrees).  The  pattern,  formed  by  the  bearing  fluctuations, 
is  not  as  clear  as  those  for  the  day-time  records.  For  this  record,  the  largest  bearing  perturbation 
occurs  at  04-05  with  a  bearing  error  of  3  degrees.  There  is  a  gap  in  the  record  between  04-28  and  04-50 
and  this  was  due  to  the  transmitter  going  off  the  air  during  communication  with  shipping. 

Tho  predicted  MUF  for  the  IF  and  2F  modes  at  04-00  was  6.4  MHz  and  4.2  MHz,  respectively.  Since 
the  transmitter's  frequency  was  6.383  MHz,  it  was  reasonably  certain  that  the  signal  was  propagated  by  the 
IF  mode.  On  the  assumption  of  u  simple  mirror  type  of  reflection,  the  component  of  the  ionospheric  tilt 
in  a  direction  normal  to  the  great  circle  path,  that  would  correspond  to  a  IF  mode  is  about  6£  degrees. 

This  again  suggests  that  relatively  large  ionospheric  tilts  are  often  associated  with  TIDs. 

The  overall  bearing  error  for  the  record  shown  in  Figure  8  is  around  zero.  For  a  southerly  path, 
the  systematic  error,  at  about  04-03,  would  be  about  -0.1  degrees  and  this  agrees  reasonably  well  with  the 
observed  value  of  the  overall  error, 

3.7  Bearing  Perturbation  Persisting  for  an  Extended  Period 

The  longest  bearing  perturbation  that  was  observed  is  shown  in  Figure  9.  The  bearing  showed  a  con¬ 
sistent  error  of  about  2  degrees  over  the  period  20-07  to  21-05-  Over  this  period,  the  display  given  by 
the  incoming  signal  appeared  almost  perfect  -  as  indicated  by  the  circles.  The  fact  that  the  bearing 
perturbation  does  not  show  a  zero  crossing  (ie,  the  bearing  perturbation  gives  an  error  of  the  same 
sign)  obviously  shows  that  the  component  of  the  tilt,  in  a  direction  normal  to  the  path,  did  not  change 
sign.  If  it  is  assumed  that  the  electron  density  contours,  along  a  cross-section  of  the  ionosphere 
disturbance,  are  semi-spherical,  then  the  above  results  implies  that  the  disturbance  moved  along  the 
propagation  path,  ie,  it  is  moving  on  a  north-south  (or  south-north)  path.  The  fact  that  the  bearing 
perturbations  lasted  for  almost  an  hour  suggests  that  the  disturbance  took  about  an  hour  to  cross  over 
the  mid-point  of  the  path. 

3.8  Fastest  Rate  of  Bearing  Change  and  Ship  Zone  Effects 

The  fastest  rate  of  bearing  change  that  was  observed  during  the  exercise  is  shown  in  Figure  10.  It 
occurred  on  the  Prague/Blakehill  path  between  11-33  and  1 1 —4 1  during  which  the  bearing  error  changed  from 
+2^  degrees  to  -2j  degrees,  and  gave  a  rate  of  change  of  bearing  of  about  0.6  degrees  per  minute.  The 
corresponding  change  of  the  ionospheric  tilt,  in  a  direction  normal  to  that  of  tho  path,  was  from  about 
+5  degrees  to  -5  degrees  giving  a  rate  of  change  of  about  1.2  degrees  per  minute.  This  rate  of  change  of 
the  ionospheric  tilt  is  based  on  the  assumption  that  the  mode  of  propagation  was  IF  (predicted  median 
values  of  the  MUF  for  the  IF  and  2F  modes  were  18.0  and  12.0  MHz  respectively)  and  that  the  reflection 
of  the  radio  wave  was  similar  to  that  of  a  mirror  type  of  reflection. 

The  bearing  perturbation  between  11-33  and  11-41  has  a  zero  cross  at  about  11-37-  It  is  assumed  that 
the  shape  of  the  contours  of  the  ionospheric  disturbance,  associated  with  this  bearing  perturbation,  are 
semi-spherical,  then  a  bearing  perturbation  with  a  zero  crossing  could  be  explained  by  a  disturbance 
moving  across  the  propagation  path.  In  this  case,  it  would  mean  that  the  disturbance  was  moving  on  a 
north-south  (or  south-north)  path. 

The  record  in  Figure  10  also  shows  a  gap  (or  partial  gap)  in  the  pattern  formed  by  the  fluctuation 
of  the  bearing  error.  These  gaps  occur  at  10-40  and  11-27.  Figure  11  is  a  continuation  of  the  record 
shown  in  Figure  10  and  an  additional  gap  occurs  at  12-09.  The  gap  at  11-2?  ie  a  complete  gap  whereas  the 
gap  at  around  12-08  ia  a  partial  gap.  These  gaps  were  due  to  the  failure  of  propagation  along  the  great 
circle  path,  and  not  due  to  a  discontinuous  transmission.  This  was  confirmed  by  the  fact  that  the 
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trannaftter  was  still  audible  while,  at  the  same  time,  the  display  on  the  wide  aperture  array  showed  that 
the  signal  was  being  received  by  a  scatter  mode.  The  complete  gapo  were  due  to  the  signal  on  the  great 
circle  path  completely  'dropping  out'  whereas  the  partial  gaps  were  due  to  the  signal  partially  dropping 
out. 


On  each  occasion  when  the  great  circle  path  'dropped  out'  (either  complete  or  partially),  the  value 
of  the  figure  of  merit  decreased.  Further,  at  these  times,  the  bearing  record  showed  a  cluster  of  bearings 
appearing  at  about  +8  degrees  off  the  main  pattern.  Since  the  measured  polar  diagram  at  18  MHz  also  shows 
that  the  first  nulls  occur  at  about  +7%  degrees  off  the  main  null,  then  the  cluster  of  bearings  are 
probably  due  to  side-lobe  effects.  5t  these  times,  the  best  bearing  is  given  by  the  nulls  of  the  first 
side-lobes  rather  than  the  main  null.  The  reason  for  this  is  not  yet  understood. 

Figure  12  shows  the  effect  when  the  great  circle  bearing  establishes  itself  as  the  skip  zone  moves 
over  the  receiver  for  the  first  time  in  the  morning.  As  the  signal  on  the  great  circle  path  strengthens, 
the  value  of  the  figure  of  merit  gradually  increases.  This  means  that  the  display,  given  by  the  incoming 
signal,  gradually  improves.  However,  even  when  the  propagation  path  is  fully  established,  for  this 
particular  bearing  error  record,  the  figure  of  merit  is  relatively  low.  The  reason  for  this  is  not  known. 
At  around  10-27,  when  the  working  frequency  was  virtually  equal  to  the  MUF  for  the  path,  a  cluster  of 
bearings,  at  +8  degrees  off  the  main  bearing,  appear  again.  This  is  similar  to  that  observed  in 
Figures  10  an3  11. 

The  overall  bearing  error,  for  each  of  the  three  records  shown  in  Figures  10,  11  and  12,  is 
positive.  This  is  in  agreement  with  the  effect  of  the  systematic  tilts  for  an  easterly  path. 

3.9  Break  Up  of  Pattern  During  a  Bearing  Fluctuation 

Figure  13  shows  a  break  up  of  the  general  pattern  of  the  bearing  fluctuation.  It  occurs  at  around 
11-51  on  4  December  1970  for  the  Aran  Juez/Blakehill  path.  During  this  break  up  period,  there  are  a 
considerable  number  of  good  bearings  -  as  indicated  by  the  circles  on  the  graph.  This  is  unlike  the 
previous  examples  where  a  gap  (or  partial  gap)  appears  in  the  record  and  the  value  of  the  figure  of  merit 
abruptly  drops  -  this  case  is  generally  associated  'with  skip  zone  effects.  The  case  illustrated  in 
Figure  13  could  well  be  due  to  the  disturbance  having  a  corrugated  surface.  However,  at  this  stage,  it 
is  not  possible  to  offer  a  conclusive  explanation. 

3.10  Change  of  Characteristics 

Figure  14  shows  an  abrupt  change  in  the  pattern  at  19.15.  The  broad  spread  of  bearings  after  19.15 
is  generally  associated  with  night  time  conditions  (see  Figure  7),  whereas  the  pattern  like  structure  is 
associated  with  day  time  conditions  (see  Figures  2  and  3).  The  change  in  the  characteristics  in  Figure  15 
was  orobably  due  to  the  onset  of  night  which  occurs  at  that  time.  This  phenomenon  was  repeated  on  other 
records  at  the  sunset  period. 

Occasionally,  a  change  of  characteristics  has  been  observed  at  times  when  it  has  not  been  possible 
to  associate  the  change  with  either  sunrise  or  sunset  conditions.  An  example  is  shown  in  Figure  15  in 
which,  around  midnight,  the  pattern  gradually  changes  from  a  broad  band  of  bearings  to  a  wave  like  pattern. 
This  might  have  been  caused  by  the  mode  of  propagation  changing  from  single  mode  to  multi  mode.  Another 
explanation  is  that  the  spread  bearing  record  might  have  been  caused  by  single  mode  propagation  through  a 
disturbed  ionosphere,  eg  spread  F,  There  is  a  gap  in  the  record  between  00-16  and  00-30,  and  this  was 
due  to  the  transmitter  going  off  the  air  during  communication  with  shipping. 

4.  PRACTICAL  IMP LICATICNS 


In  practical  radio  communication,  it  is  advantageous  to  use  aerial  arrays  with  narrow  beams  in  order 
to  improve  the  received  signal  to  noise  ratio.  Further,  the  only  limitation  that  would  decide  the 
minimum  beamwidth  of  the  array  would  be  the  bearing  error  caused  by  the  effect  of  ionospheric  tilts.  The 
foregoing  results  show  that,  for  path  lengths  less  than  about  1200  kms,  the  effect  of  ionospheric  tilts 
can  change  the  bearing  of  the  incoming  sky  wave  by  up  to  about  4  degrees,  relative  to  the  great  circle 
path.  Thus,  under  these  disturbed  conditions,  the  signal  to  noise  ratio  would  hive  been  degraded  if  the 
signal  was  received  ori  a  fixed  beam  aerial  where  the  beamwidth  was  less  than  8  degrees  (assuming  that  the 
centre  of  the  receiving  beam  was  pointed  towards  the  transmitter).  However,  it  must  be  pointed  out  that 
the  bearing  error  of  4J  degrees  was  the  largest  bearing  error  observed  for  paths  greater  than  1200  kmc. 
Consequently,  for  paths  less  than  1200  kms,  it  is  suggested  that  when  receiving  arrays, with  fixed  beam 
of  less  thar  8  degrees  beamwidth, are  used,  some  degradation  in  the  signal  to  noise  ratio  can  be  expected 
as  a  result  of  travelling  ionospheric  disturbances. 

For  short  paths  (path  lengths  of  about  600  kms),  bearing  errors  of  up  to  6J  degrees  have  been 
observed.  Thus,  for  theGe  cases,  a  degradation  in  the  signal  to  noise  ratio  could  occur  with  beamwidths 
of  as  high  as  13  degrees. 

It  must  be  pointed  out  that,  in  the  foregoing  examination  of  the  effect  of  TIDs ,  there  has  been  no 
investigation  of  the  bearing  errors,  an  r.  function  of  frequency,  at  the  time  of  the  disturbance.  Thus, 
it  is  not  possible  to  state  whether  a  change  in  frequency  might  generally  change  the  bearing  error  as 
a  result  of  the  sky  wave  being  reflected  in  a  different  part  of  the  ionosphere.  It  is  interesting  to 
note  that  Sweeney  (1970)  has  reported  that  the  bearing  error  of  the  low  angle  IF  mode  was  generally  less 
than  that  of  the  high  angle  IF  mode.  Further  work  cn  the  effect  of  frequency  charges,  using  the  array 
described  in  section  2,  is  planned.  It  is  hoped  that  this  new  work  will  show  the  effect  of  changing  the 
transmitter's  frequency  on  communication  links  at  times  when  they  are  affected  by  TIDs. 
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5.  CONCLUSIONS 


This  paper  must  be  regarded  as  an  interim  report  as  it  is  proposed  to  conduct  a  considerable  amount 
of  further  investigation  along  the  above  lines.  Nevertheless,  the  results  obtained  clearly  show  that  the 
effects  of  TIDs  on  radio  communication  can  be  important,  particularly  with  regard  to  the  use  of  fixed 
narrow  beam  aerials.  The  bearing  records  also  suggest  the  presence  of  systematic  tilts  in  the  ionosphere 
but  the  bearing  errors  due  to  this  source  are  generally  less  than  those  due  to  TIDs. 

It  is  planned  to  conduct  further  experiments  in  order  to  examine  the  effect  of  frequency  on  the 
bearing  error  under  conditions  when  TIDs  are  present.  It  is  also  planned  to  use  a  vertical  sounder  at 
the  mid-point  of  the  paths  in  order  to  deduce  the  mode  of  propagation  more  precisely. 
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SOM'IAIRE 


lies  observations,  du  type  Bramley  et  Ross,  de  la  pente  de  1' ionosphere  ont  ete  ef fectuees 
au  voisj.nags  de  l'equateur  magn6tique,  De  jour,  ces  observations  etaient  entravees  par  la  pre¬ 
sence  continue  d'irregularites  intenaes  dans  la  region  E,  mais  les  pentes  observees  semblaient 
plus  marquees,  et  presentaient  un  aspect  syst£matique  que  l'on  ne  voit  pas  aux  latitudes  temperees, 
Elies  etaient  dirigees  vers  l'est  dans  la  journfe ,  et  inversaient  leur  direction  au  coucher  du  so- 
leil  pendant  les  mois  d'equinoxe,  Le  soir,  si  1'F  diffus  etait  absent,  on  pouvait  observer  plus 
claireraent  les  pentes  de  la  region  F,  Ces  pentea  observees  le  soir  etaient  beaucoup  plus  importantes, 
et  duraient  beaucoup  plus  longtemps  qu'aux  latitudes  tcmperfes  ;  elles  presentaient,  en  outre,  des 
variations  plus  rapides  et  moins  marquees,  rappelant  dans  une  certaine  mesure  celles  de  Bramley  et 
Ross,  et  qui  pouvaient  etre  attributes  rux  ondes  de  gravite,  On  dispose  des  resultats  d'observations 
effectufes  au  coura  de  trois  nuits,  l'urie  en  hiver,  les  deux  autres  en  6t£,  Dans  les  trois  cas,  la 
pente  max  inale  (9  degr£s)  avait  lieu  au;<  environs  de  21  heures  (heure  locale),  moment  oil  se  produit 
habituellement  1' augmentation  equatoriale  en  h'F  aprea  le  coucher  du  soleil  |  cependant,  dans  le  pre¬ 
mier  cas  (hiver)  la  direction  £tait  le  Nord,  alors  que  dans  le  second  (£t£),  c'ftait  l'Ouest,  et  dans 
le  troisiime  (£t£  £galement),  o'£tait  l'Est, 

Au  coura  de  ces  trois  nuits,  on  put  voir  les  effets  des  variations  de  faible  amplitude  j 
cellei-ci  presentaient  les  caractenstiques  al£atoires  habituelles,  et  au  cours  de  deux  de  ces  nuits, 
on  put  identifier  les  effete  des  ondes  de  gravite,  Ces  derniires  aemblent  provoquer  des  pentes  de 
quelques  degres  d'amplitude,  d'une  dur£e  de  vingt  minutes  environ, "provenant  du  nord  en  hiver  et  de 
l'ouest  en  £tA,  On  a  pu  eatimer  cette  direction  i  partir  des  mesures  directionnelles,  et  on  a  deter¬ 
mine  la  direction  de  propagation  a  partir  de  l'aeym£trie  de  .la  variation  de  pente  avec  le  tenps  j 
lea  vitesse*  ( 1»9  a  ’<37  mitres  par  aeconde),  les  longueurs  d’onde  (38  i  37p  km)  et  les  deplacements 
verticaux  (0,13  a  2,21  E.~)  ont  £t£  calcuie*  a  partir  d'un  aodile  simple  de  perturbation  ionospherique 
itinerante,  Les  variations  ds  faible  amplitude  ont  £t£  s£par£es  des  ccmposantes  plus  importantes  en 
retranebaot  les  valeurs  lessees  des  pentes, 
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SUMMARY 


Observations  ol‘  the  Bramley  and  Ross  type  of  ionospheric  tilt  have  been  made  near  the  magnetic  dip 
equator.  During  the  daytime  these  observations  were  hindered  by  the  oontinuous  presence  of  the  Intense 
irregularities  in  the  E  region  but  the  observed  tilts  appeared  to  be  larger  and  to  have  a  systematic  tilt 
(biao)  not  seen  in  temperate  latitudes;  the  bias  was  to  the  east  during  the  daytime  and  reversed  in  direction 
at  sunset  during  the  equinoctial  months.  During  the  evening,  if  spread  F  was  absent,  the  tilts  of  the  F 
region  could  be  observed  more  clearly.  These  evening  tilts  were  of  such  greater  magnitude,  bad  a  much 
longer  time  soale  than  in  temperate  latitudes,  and  had  superposed  faster  variations  of  a  smaller  scale, 
not  unlike  those  of  Bramley  and  Rosa,  which  mi0ht  be  attributed  to  gravity  waves.  Three  nights  of 
observations  are  available,  one  in  winter,  two  in  summer.  In  all  three  oases  the  maximum  tilt  (9  degrees) 
ooouriod  near  2100  hours  local  time,  the  time  normally  associated  with  the  equatorial  rise  in  h’F  after 
sunset,  but  in  the  first  on  He  (winter)  the  direction  was  north,  whereas  in  the  aeoond  (summer)  it  was  west 
and  in  the  third  (also  summer)  it  was  east. 

On  all  three  nights  the  effeots  of  small  scale  variations  were  seen;  these  had  the  usual  random 
characteristics  and  on  two  of  the  nights  the  effects  of  gravity  waves  were  identified.  The  latter  appear 
to  cause  tilt  amplitudes  of  a  few  degrees,  some  twenty  minutes  in  duration,  and  in  winter,  appeared  front 
the  north  whilst  in  summer  the  direction  was  from  the  west.  This  direction  was  estimated  fro-  the 
directional  measurements  and  the  sense  of  the  direction  of  travel  was  determined  from  the  asymmetry  of  the 
tilt  variation  with  time;  the  velocities  (49  to  197  metres  per  3eoend),  the  wavelengths  (38  to  376  kilometres) 
and  the  vertical  displacements  (0.13  to  2.21  km)  were  calculated  from  a  simple  model  of  the  X1D.  The  small 
soale  variations  ware  separated  from  the  larger  components  by  subtracting  the  smoothed  tilt  values. 

1 .  INTRODUCTION 

Observations  were  made  by  Bramley  and  Rose  (1951)  in  Southern  England  of  the  direotlon  of  arrival 
of  short  radio  waves  refloated  at  the  ionosphere  at  near  vertioal  incidence;  these  observations  were 
related  to  local  (usually  travelling;  perturbations  of  the  ionisation  density  of  tbs  ionosphere. 

Bramley  (1952)  studied  the  statistical  properties  of  the  perturbations  in  terms  of  time  and  distance 
Variation*,  ihu  apparatus  oonsisteu  01'  apacea  transmitters  wmon  emit  tea  pulses  and  a  three  dimensional 
direction  finder  which  employed  phase  comparison  techniques  (Ross  et  al.,  1951).  Observations  (Treharns 
et  al.,  1965,  1969;  Trehame  1969)  made  in  South  Australia  in  I960  and  in  1968  (using  similar  but  somewhat 
improved  techniques)  confirmed  that,  as  might  be  expected,  tilts  with  similar  uharaoteristios  were  seen  in 
southern  temperate  latitudes. 

This  paper  describes  some  observations  of  this  type  which  were  mads  near  the  aagcetio  equator 
(at  3  degrees  north  dip  angle)  on  a  few  ooceslons  in  1969/71  •  Durii-g  the  daytime  the  influence  of  equatorial 
eporadio  E  irregularities  (Cohen,  1967)  dominated  the  observations;  at  night  two  situations  msv  exist,  one 
when  spread  F  is  formed  and  a  second  when  very  slow  tilts  of  greatly  increased  magnitude  ere  observed. 
Measurement  of  the  F  region  was  made  difficult  during  the  daytime  by  the  presenoe  of  the  magnetio  equatorial 
sporadic  S  (MK^ES)  irregularity  (Treharne,  1963/  -orough  which  the  rays  must  pass  to  and  from  the  F  region. 
Sven  so,  some  measurements  have  been  possible  but  it  was  not  praotio&ble  to  make  continuous  series  of 
measurements  of  the  tilt  every  few  minutes  as  msy  be  done  when  the  MEQES  irregularities  are  absent.  At 

night,  when  spread  F  was  absent,  excellent  til.  measurements  were  made.  These  evenly  tilts  contained  at 

least  three  ocunponents;  a  very  slow,  large  component,  medium  soale  components  which  appeared  to  be  due  to 
travelling  ionospheric  disturbances  (TID),  end  small  scale  components  of  substantially  random  nature. 

The  daytime  and  sunset  t  its  msy  be  related  tc  the  drifts  ehioh  have  been  observed  near  the 
equator  (Harrison,  1963);  the  north  south  components  of  both  drifts  and  tilts  were  small,  the  east  west 
components  of  both  showed  reversals  at  dusk  and  the  increased  variability  of  the  tilts  at  dusk  corresponded 
to  the  increased  velocity  of  the  drifts  at  this  tins.  However,  the  soales  of  these  two  types  of  observations 
are  different;  the  tilt  bias  may  have  its  origin  in  long  term  ionisation  gradients  of  0  diurnal  nature. 
Certainly  the  large  scale  components  of  the  evening  tilts  appear  to  be  associated  with  the  post  sunset 
rise  in  h'F  (Treharne,  1971)  again  of  a  diurnal  nature.  The  small  soale  \dl.s  appear  to  be  of  a  substan¬ 
tially  random  nature,  as  reported  by  Bramley  and  Ross  (1951). 

This  paper  is  conoernod  primarily  with  the  medium  soale  components  of  the  evening  tilts  which 

appear  to  be  caused  by  TIL) 'a  and  are  therefore  of  some  .nterest  to  this  conference  on  gravity  waves. 

2.  APPARATUS 

The  apparatus  used  is  shown  diagramatioally  in  figure  1.  This  is  similar  to  that  described 
elsewhere  (Treharne  et  al.,  1969;  Treharne  1969/.  Only  a  brief  description  will  be  given  here.  A  5  k'V  pulse 
transmitter  (pulse  x-opetition  rate  50  pulses/s  of  pulse  rtdth  lOOps)  and  a  25  m  vertioal  delta  antenna  whose 
plana  was  oriented  at  45  degrees  tc  the  direction  of  the  earth's  magnetic  field  were  used  to  illuminate  the 
ionosphere  overhead.  Echoes  from  the  ionosphere  were  received  on  a  direction  finder  comprising  four 
horizontal  dipoles  oriented  in  the  direction  of  the  earth's  magnetic  field  and  each  located  at  the  corners  of 
a  square  of  100  m  diagonal  and  with  two  sides  in  line  with  the  earth's  magnetic  field.  The  four  dipoles 
were  used  in  pairs  to  form  two  orthogonal  arms  of  a  three  dimensional  interferometer;  measurements  were 
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Saoh  dipole  was  connected  via  balancing  transformers  and  ooaxlal  oablea  of  equal  1  segth  to  the 
input  a  of  two  h.f .  hybrid  transformer#  giving  sum  and  dlfferenoe  output#  for  the  flrat  pair'  of  dipole  a 
and  similar  output#  for  the  aeoond  pair  of  dipoles.  Solid  state  diode  svritchea  were  used  to  oonnaot  the 
signals  from  each  ana  in  turn  to  a  twin  ohannel  receiver  which  converted  them  to  an  intermediate  frequency 
of  100  kHs,  maintaining  phase  and  amplitude  equality  of  transmission  through  each  ohannel  of  the  system 
The  i.f.  signals  ware  displayed  on  a  cathode  ray  oaoillograph  (CEO)  but  a  fixed  90  degree  phase  shift 
network  was  inserted  in  one  lead  to  the  CEO  to  oompenaate  fee:  the  fixed  90  degree  phase  shift  Introduced 
by  the  hybrids.  When  a  simple  wavefront  impinged  upon  the  antenna  system  the  signals  displayed  formed  a 
straight  line  of  slops  £  which  was  a  function  of  direction  of  arrival  of  the  normal  of  the  wavefront  with 
respect  to  the  direction  of  the  arm.  Thus,  for  the  first  arm. 


zA 


and  for  the  seoond  arm, 


=  _  COS  0 


where  <*  is  th*  angle  of  the  trace  on  the  CEO 
o  >p 


(0 
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a  ,f}  are  the  direotion  angles  of  the  wavefront  normal  with  respect  to  the  first  and  second  arms 
rsspeotively 

A  is  the  wavelength  of  the  radiowaves 

d  is  the  diagonal  spacing  between  tie  dipoles 


The  direotion  angles,  being  large  for  near  vertical  echoes,  were  used  to  obtain  approximate  angles  from  the 
aenith  8  and  8  by  subtraction  from  90  degrees.  These  angles,  which  are  measured  from  the  zenith,  may  be 
regarded0 a#  orthogonal  components  of  the  direction  of  the  returning  rays  reflected  normally  at  the  tilted 
ionosphere.  After  correction  for  the  orientation  of  the  arms  of  the  antenna  with  respect  to  the  true  north, 
these  angles  may  be  plotted  in  cartesian  coordinates. 


The  intensity  of  the  CRO  display  was  normally  adjusted  so  that  the  trace  wa#  dark.  Automatic 
circuits  were  used  to  brighten  the  display  provided  both  of  the  following  conditions  wore  mot  simultaneously  i 

(s)  the  phases  of  the  two  signals  on  the  CRO  were  equal  (to  within  a  predetermined  tolerance,  typically 
10  degrees)  for  a  period  of  time  corresponding  to  an  adjustable  number  of  i.f.  cycles  (typically  6 
qyolos) ;  this  tested  the  wavefront  end  avoided  asking  the  simple  interferometer  to  attempt  readings 
when  the  wavefront  was  oomplex  and  beyond  its  resolving  ability, 

(b)  the  time  of  observation  was  restricted  to  the  20Cfc,s  which  followed  a  predetermined  and  adjustable  time 
daisy  after  the  transmitter  pulse. 

Provision  was  mads  to  disconnect  automatically  ail  toe  1'eeaers  from  tne  receiving  dipoles  for  the  duration 
of  each  transmitter  pulse  to  avoid  saturating  the  reoeiver. 

3.  OBSERVATIONS 

Daytime  observations,  including  some  at  sunset,  were  made  intermittently  for  a  few  months  early 
in  1969.  With  the  exoention  of  short  periods  immediately  followed  a  period  of  normal  Ea  which  occurred 
sometimes  in  the  afternoon,  all  the  daytime  and  sunset  observations  were  made  with  great  difficulty  due  to 
the  modulation  of  the  'direction  of  arrival  of  the  ray#  from  the  F  region  by  passage  through  the  MEQES 
irregularities.  A  feature  of  the  daytime  results  was  a  bias  to  the  east  of  the  order  of  2  degrees  which 
reversed,  increased  to  3.5  degrees  to  the  west  and  became  more  variable  towards  sunaet.  These  were  spot 
observations,  made  at  isolated  intervals;  it  was  not  practicable  to  make  continuous  sets  of  observations. 

During  tho  daytime  (OSOO  to  1730)  the  average  tilt  was  2  degrees  east  with  a  northerly  scatter 
of  up  to  1  degree  and  southerly  scatter  of  1.2  degrees;  on  one  occasion  alone  did  the  tilt  move  to  tha 
west  (0,5  degrees;.  At  sunset  ( 1630  to  19)0)  the  average  tilt  was  3  degrees  to  the  west  with  a  northerly 
scatter  of  up  to  1.8  degrees  and  westerly  soatter  up  to  5.3  degrees;  the  most  easterly  tilt  observed  during 
the  aunset  period  was  only  1.8  degrees  (Treharne,  1971). 

During  the  evening  (1930  to  21(00)  observations  have  been  made  on  a  few  occasions,  viz.,  26  and 
26  November  1970  >20  and  21  May  1971.  On  the  28  November  spread  F  was  found  to  be  present  and  tilt 
observations  were  not  taken  due  to  the  v~ry  variable  nature  of  the  direotion  of  the  returns  from  the  F 
region.  However,  it  was  noted  that  at  6  MHz  the  A- 0 can a  although  spread  and  varving  rapidly  in  a  manner 
reminiscent  of  the  type  of  eohoes  seen  from  ground  baoksoatter,  did  appear  to  have  a  favoured  time  delay 
for  which  eohoes  were  re'hirned  strongest  and  most  frequently.  This  behaviour  was  consistent  with  tho 
ionogroms  associated  with  a  reotangular  equatorial  spread  F  which  has  been  described  by  Calvert  and  Cohen,  1961 . 

On  the  evenings  of  the  26  November  1970,  20  and  21  May  1971,  on  the  other  hand  the  spread  F 
condition  was  absent  but  some  remarkable  tilts  were  observed;  these  tilts  were  atror^ly  biassd  to  ♦he  north 
and  to  a  lesser  extent  to  the  east,  their  amplitudes  were  larger  than  observed  in  teoqwrate  latitu.  ea  aid 
their  peried  was  several  tiw*s  greater  than  reported  to  date.  The  north  component  of  tilt  is  shown  as  a 
function  of  looal  time  in  figure  2.  Starting  at  2000  hotirs  (5  degrees)  the  tilt  3lowly  inoressed,  reaching 
a  peak  of  9  degrees  north  at  2100  hours,  then  slowly  reduoed  to  abcut  one  degree  north  at  2300  hours.  The 
corresponding  easterly  tilt  variation  is  shown  also  in  figure  2}  it  has  less  magnitude  although  there  is  a 
distinot  maximum  saaterly  tilt  of  some  6  degrees  at  the  same  time  as  the  peak  in  the  northerly  tilt,  namely 
at  2100  hours.  It  should  be  noted  that  the  general  smooth  shape  of  the  northerly  tilt  variation  of  figure 
2,  is  also  found  in  the  virtual  height  variations  (see  figure  3/and  that  the  peak  in  tho  latter  appears 
sbout  30  min  earlier  than  the  peak  in  tilt. 

Measurements  of  virtual  base  height  (h'F)  and  the  virtual  height  at  6  KHz  have  boen  scaled  from 
the  iono grama  and  plotted  in  figure  4.  Again  there  is  a  peak  in  both  parameters  around  2000  hours  and  a 
steady  fall  of  the  order  of  100  km  during  the  fallowing  two  hours  or  so. 


On  the  20  May  1971  th*  peak  tilt  occur  rad  at  2010  hour*  and  had  a  magnitude  of  6,9  degree*  aast 
with  a  oorro spending  south  component  of  2  degrees  and  «  height  peak  (at.  the  sane  tu» ,  of  343  !ns.  On  the 
other  band  ,  on  21  May  tho  peak  tilt  was  9  degree  a  to  the  west  and  hud  a  couth  component  of  2  degrees. 

Plots  of  the  e ratling  tilts  are  shown  in  figures  3,  6  and  /. 

Tha  evening  tilts  show  snail  departures  from  tho  smoothed  tilt  which  might  be  attributed  ito  TID's 
These  will  be  examined  in  greater  detail  in  section  3  below. 

4.  OBSKUVAXION  0?  TRAVELLING  lOKOSPHhalG  LIu'iUtBANCbo  BY  ilih  TILT  KWHOL 

Bromley  end  Rose  (l99l)  published  a  good  example  of  the  observation  of  e  TIL  by  means  of 
ionospheric  tilt  measurements:  series  of  suuh  measurements  (made  at  about  minute  intervals  at  two  stations 
about  27  km  apart  in  an  east  west  direotion.j  were  plotted  in  their  l'igurw  10.  The  characteristic  snoop  of 
the  tilt  valuee  to  a  maximum,  in  this  oase  in  the  direction  123  degrees,  wat  seen  dearly  at  both  stations. 
The  disturbance  was  seen  to  ooour  at  Winkflelu  after  Theale  by  a  minute  or  two,  thus  confirming  that  the 
direotion  of  travel  was  123  degrees  and  not  tha  reoiprooal  of  303  degrees  (tile  opposite  sense  of  direotion; 
Thus  the  direotion,  including  the  sons*  of  direotion,  was  given  by  the  direotion  of  the  maximum  value  of 
the  twit.  It  should  bo  noted  that  the  sense  of  the  direction  of  travel  of  the  TIL  may  also  be  inferred 
from  the  shape  of  the  variation  of  the  oewponant  of  tilt  dong  the  apparent  direotion  of  travel  knowing 
the  shape  of  these  disturbances.  The  latter  is  illustrated  in  figure  d .  An  observer  on  the  ground  sees 
ray*  reflected  at  no  mol  incidence  from  tha  rippled  ionosphere,'  these  rays  are  seen  to  move  slowly  from 
the  nenJ.th  es  the  TIL  approaches,  reach  a  maximum  value  of  tilt,  suddenly  fell  through  aero  tilt  as  the 
poak  of  the  TIO  paeaes  overhead,  and  then  tuk*  negative  values  as  the  trailing  edge  of  the  TIL  pastes. 

This  behaviour'  oen  be  seen  in  the  Theda  tilts  by  resolving  them  along  the  123  direotion  as  Ikes  bean  done 
in  figure  9,  using  e  solid  line.  The  dirsotion  of  travel  of  the  TIL  is  given  by  the  direction  of  the 
ai.briLY  changing  tilt  components  (a)  which  is  followed  by  a  >’ALT  return  of  the  tilt  value  (b)  in  figure  9. 


A  thecretiod  shape  for  this  curve  has  teen  described  by  George  (1972;  following  hit  figure 
B(uJ.  This  shape  is  illustrated  by  the  broken  line  in  figure  9.  Clarke  (l372j  has  used  an  approximation 

to  the  shape  of  e  TIL  consisting  of  two  contiguous  aineweves  of  different  wavelength.  He  has  shown  that 

th*  horizontal  phase  velocity  of  propagation  of  ttye  T1D,  V  ,  is  given  by, 

r* 

Vpx  .  2h  (tan  6,  +  tan  0*)/(T  -  2r )  (.V 

where  h  is  tha  unperturbed  reflection  height 

6,  is  the  modulus  of  the  maximum  tilt  angle  on  the  leading  edge 

8  3  is  the  modulus  of  the  maximum  tilt  angle  on  the  trailing  edge 

T  is  the  period  of  the  TID 

v  is  the  time  intervd  between  the  ooourrenoe  of  the  maximum  tilt  angle  on  tho  leading  and  the 
maximum  tilt  angle  on  the  trailing  edges 


The  horisontd  wavelength  of  the  TIL  is 


The  total  vertical  displacement  ie 


tan  b ;  /  n  i  tan  6 ,  t  tan  6  2  ) 


It  is  possible,  therefore,  to  measure  at  a  single  site  a  number  of  the  properties  of  Tlh'e  by  observations 
of  the  apparent  ionospheric  tilts  caused  by  the  passage  of  the  TIL'a  overhead.  However  in  some  ossea  the 
tilts  produced  by  the  TIL'a  have  superposed  large  tilt  components  due  to  uiurnd  effects;  this  is 
particularly  notLoeable  near  the  magnetic  equator.  If  the  T ID  effects  art.  to  bo  studied  it  is  necessary 
to  remove  the  diurnal  components  by  subtracting  the  tilt  values  observed  from  the  smoothed  tilts.  This 
introduces  a  degree  of  uncertainty  in  the  central  reierance  of  the  tilt  information.  It  is  no  longer 
practicable  to  measure  8,  and  62  separately,  only  to  measure  their  sum,  6. 


Thus, 


6  ■  8,  +8* 


(6) 


Then,  for  small  values  of  tilt  angle,  equation  (})  becomes  : 

V  -  2h  A/(T  -2  r)  (7; 

The  wavelength,  A  ,  is  given  by  equation  (4)  but  the  total  vertical  displacement,  I,  oannot  be  obtained 
from  equation  (3)  due  to  the  smoothing  technique  used. 


For  small  tilt  angles  equation  (3;  may  be  simplified  to 
I  «  2  A^  e<  62  /  v  A 

Put  K  »  81/  (8 1  k  6jJ 


(6) 

(9) 


1  m  2  Ax  A  K  (l-«; 

where  A  ia  measured  in  radians. 

The  value  of  k  mry  be  ee time ted  from  the  data  of  Bromley  and  Ross  (1951J  for  example, 

a  .  0.36 

Then  equation  (9;  be comas 

I  *  2.36  v  1CT1 .“.  A 
where  A  is  measured  in  degrees. 


(ie; 


(11; 


It  is  not  dear  that  this  value  of  1 :  seen  in  Snglund  is  nooeoaar'ily  applicable  to  the  equatorial 
site,  however,  it  may  give  an  indication  of  tha  order  of  magnitude  of  the  displacement  of  the  Tib's  seen. 
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5.  MEDIUM  SCALE  CONSTITUHW  OK  TILT  DUE  Xu  I'll) 

In  addition  to  th*  largo  also  variation  In  the  tilts  aao'i  near  the  magnetic  equator  sanllar 
aoala  variations  ooour,  seu  figure  7.  Tires#  smaller  and  laator  constituents  may  be  separated  from  the  total 
tilt  by  the  subtraction  of  the  smoothed  constituent  from  the  total  tilt  values.  The  sloe  variation  has  been 
removed  and  the  Tit  component  plotted  in  figure  10.  Note  that  the  scale  of  figure  7  is  one  tenth  that  of 
figure  10.  The  effeots  of  two  Tit’s  may  be  seen  in  figure  10;  bolh  oauae  the  pattern  to  be  elongated  in  an 
approximately  east  and  west  dirootion  (mure  precisely  along  10c  or  226  degrees  from  north). 

Since  it  is  asoeasary  to  remove  the  large  slow  component  of  tilt  by  sub  true. ting  the  smoothed 
tilt  velues,  the  values  of  figure  10  have  no  central  reference,  even  so,  many  of  the  properties  of  the  Tit 
may  still  be  obtained  as dlsoussftd  in  paragraph  1*  above. 

At  least  eight  Tit's  have  bean  identified  in  the  three  nights  for  which  observations  era 

available  near  the  nagnotio  equator.  The  characterise ios  of  these  'fit's  are  given  in  siwbUftry  id  Table  1. 

This  table  contains  the  plaoe  of  observation,  date,  scuson,  .luoal  time,  the  lumber  of  Tit’ a  observed,  the 

duration  of  the  Tit  (T),  the  amxiuua  tilt  interval  (r),  tha  quantity  (T  -  2j),  the  dirootion  cf  travel  of 

the  Tit,  the  maximum  tilt  excursion  (fi,  +  «,  «  A),  tha  height  of  unperturbed  reflection  (hj,  the  hoil  tontal 
phase  velooity  V  ,  the  wavelength  of  the  Tit  (\  ; ,  the  vartioal  diaplaoaeor.t  ^1)  oaloulated  on  tha  basis 
of  «  »  0., 16,  thsr  Bounding  fraquanoy  of  tbs  radiowaves,  and  the  geosragjaetio  planetary  index  (K  ).  for 
oomperiaon  purposes  Table  1  also  baa  similar  characteristics  for  .It's  observed  in  South  Australia 
(Trwharae,  at  el.,  1966),  in  Kngland  (Stanley  and  doss,  1951)  one.  in  Queorvland  (Clarice,  1972;  , 

6.  DISCUSSION 

Although  the  tilt  data  av  liable  from  the  region  of  the  majpietia  equator  is  very  limited  it 
appears  that  the  Tit's  seen  by  Bramlay  and  Ross  (1951)  and  discuss* i  by  Ucorge  (  1972)  oertainly  do  traverse 
the  equatorial  region  where  they  may  be  observer  by  m  tilt  matin  it.  In  the  evenings  (if  .spread  Pis 
absent)  several  TID'a  have  been  observed  having  durations  of  the  order  20  minute a.  Their  direo*ion*  appear 
to  be  seasonally  dependent,  for  this  Asian  site  just  north  ol'  the  magnetic)  equator,  the  direction  of  travel 

of  these  TID'a  in  looal  winter  was  from  tha  north;  ig  local  summer  the  dirootion  of  travel  of  tne  TID'a  was 

fro*  west  to  •«*%  The  winter  otnUrvaticnu  IV v our  the  suggestion  that  TID'a  may  travel  from  the  winter 
pole;  whereas  |pre  summer  observations  favour  exoitation  by  some  equatorial  aouroe  (Kent,  1965). 

Observations  of  layer  tilts  have  also  been  made  in  Canada  by  Burtiyk,  et  al  (1962)  and  raoently 
more  observations  have  been  mads  by  KaoDougall  (1966;  in  Kngland.  Stirling,  et  al  (1971)  lyve  made 
observations  of  TID'a  at  the  eagnetio  aquator  using  two  inoclrerent  scatter  systems  spaoed  east  Bind  west. 

They  observe  TID'a  travelling  in  a  north/south  cireotion  thereby  confirming  the  theoretical  predictions 
made  by  Hooke  (1970).  On  this  basis  the  west-east  TID's  reported  near  the  magnetio  equator  (boo  Table  1; 
ere  unexpected. 

Davies  (1968)  has  observed  by  a  Doppler  technique  in  equatorial  Afiloa  swoopers  which  he  deaoribea 
us  asymmetric,  atmospherio  waves  propagating  from  west  to  east  with  velocities  in  the  range  100  to  150  a/a. 

These  ewoppera  have  a  period  of  60  minutes,  occur  at  night,  have  a  wavelength  of  the  order  of  1*00  1m,  appear 

to  be  associated  with  the  ooourranoe  of  Spread  P  (not  its  abs«noe>  and  have  a  marlud  minimum  in  summer. 

It  la  unlikely  that  swoopers  era  the  same  type  of  disturbance  aa  described  in  this  paper. 

The  TID'a  seen  near  the  magnetic  equator  appear  to  be  somewhat  weaker.  Blower  and  shorter  than 
those  seen  by  a  similar  touhnique  in  mngland,  South  Australia  and  Queensland. 

7.  concluding  remarks 

Observations  of  the  direction  of  arrival  of  radio  saves  reflected  at  the  ionosphere  at  near 
vertical  Inoidence  dose  to  the  magnetic  equator  have  shown  til  to  having  ’■ 

(a)  a  systematic  bias  to  the  east  of  two  degrees  during  the  day  time 

(b,1  a  three  degree  systematic  bias  4*ith  greater  variability;  to  the  west  at  sunset 

(o;  large  values  in  the  evenings  containing  alow  components  which  appear  to  be  related  to  the  post  sunset 

peak  in  h'F,  medium  components  whioh  appear  to  be  caused  by  TID's  and  small  components  of  r.  random  nature 

In  this  paper  the  characteristics  of  a  few  equatorial  TID's  are  described  by  observation  of  the 
ionospheric  tilts  whioh  thvy  produce.  It  sescs  posaible  that  the  TID's  seen  in  equatorial  regions  et 
night  may  have  more  thin  one  origin,  perhnp«  polar  in  winter  '.ud  cquaUurax  in  summer.  They  may  Le  oi  a 
different  character;  certainly  the  summer  TID'a  appeared  to  more  more  slowly  than  the  winter  TID'a.  The 
latter  were  directed  north  to  south  whereas  the  simmer  TID'a  were  directed  neat  to  east.  These  west  to 
asst  TID'a  have  not  been  observed  near  the  magnetio  equator  by  the  tilt  method  before  and  current  theory 
suggests  that  their  probability  of  ooourrmaoe  ia  low. 
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Figure  1 


4  dipoles 


Bright  up 
pulse 


blook  diagram  of  apparatus  used  for  the  observation  of  ionospherio  tilts,  i'he  ionosphere 
is  i.  luminated  with  pulses  of  radio  waves  by  means  of  a  pulse  transmitter  and  delta  antenna. 
Kohoes  are  returned  at  greatest  strength  for  rays  whioh  are  "normal"  to  the  apparent  surface 
of  ths  ionosphere.  The  direction  of  arrival  of  these  echoes  is  measured  by  means  of  four 
dipole  whioh  form  the  two  arms  of  an  orthogonal  interferometer.  A  wavefront  test  io  applied 
automatically  to  select  moments  then  the  wavefront  Is  simple  and  capable  of  resolution  by  the 
alaple  interferometer.  A  strobe  is  used  to  seleot  the  small  time  interval  corresponding  to 
the  reflection  height  needed. 
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Figure  4  Ionoaonde  observation*  of  tha  baca  height,  h'F,  aud  tbs  virtual  Might  at  6  tiHa  for  the  period 
covered  by  Figure  2. 
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figure  3  Plot  of  individual  tilt  obaervation*  made  on  26  NoTeabftT,  1970*  TUI*  it  taut  data  at 
givtn  in  2. 
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Figure  6  Plot  of  individual  tilt  observations  mad  a  on  20  May,  1971.  Thia  ia  the  iw«  data  aa  given 
in  Figure  2. 
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Figure  7  Plot  of  individual  tilt  observations  made  on  21  iUy,  1971.  Thia  ia  tha  same  data  aa  given 
in  Figure  2. 


Figure  8  Representation  of  T1D  aurfagc  showing  the  variation  of  apparent  tilt  as  the  disturbance 
peases  overhead. 
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Figure  9  Variation  o;  apparent  tilt  of  returned  eoho  with  time.  The  solid  line  as  observed  at 

Theale  by  bramlay  and  ioaa  (1951J.  The  part,  marked  a  corresponds  to  the  slow  inor<  ase  in 
tilt  as  the  leading  edge  of  tne  TIL)  approaches;  the  part  1  corresponds  to  a  faster  change 
in  tilt  as  the  leading  edge  of  the  TID  approaones  its  crest.  The  broken  line  is  an  ideal 
representation  of  the  shape  of  this  characteristic. 
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21  May  1971 


Figure  10  Plot  of  difference  between  ob*  ~ved  tilt  and  smoothed  tilt  value.  Soale  is  enlarged  ten 

tir.es  that  used  for  Figures  5  to  7.  The  direction  108  degrees  la  identified  as  the  direction 
of  travel  of  the  "ID  system.  The  tilt  angles  are  resolved  along  this  direotion  of  travel, 
the  diaplaoement*  at  right  angles  to  tnis  direotion  ore  ignored.  Two  Tib's  are  shown, 
one  starting  at  2020  looai  time  and  a  second  finishing  about  21)9. 
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PRODUCTION  ET  DETECTION  D'ONDES  ATMOSPiiERIQUES  ARTIFICIELEES 

par 

L,  f iszka  et  S,  Olsson 


SOMAIRE 


Lea  auteurs  preaentent  le8  r£sultats  prgliminaires  de  dgtectiona  d'ondes  atmosphfiriques 
produitea  par  la  localisation  d'ondes  de  choc  engendreea  par  des  aviona  aupersoniques,  Leg  tra~ 
jectoirea  de  vol  furent  choiaiea  de  faqon  que  lea  ondes  acouatiques  et  de  gravite  qui  auivent 
l'onde  de  choc  aoient  focaliaeea  au  sol  aprea  reflexion  par  la  stratospheref  ou  dans  la  couche  E, 
Des  ondea  infra-acoustiquea  furent  dgtectges  au  sol  grSce  a  un  corrglateur  infra-acoustique  de 
2  Hz,  Dans  la  couche  E,  les  ondes  furent  detecteea  au  moyen  d'une  technique  de  aondage  vertical 
modifiee.  Lea  resultats  obtenua  au  coura  de  11  vela  d'essai  montrent  que  l'on  peut  faire  appel 
avec  aucces  a  la  technique  de  trajectographie  pour  predire  la  propagation  dee  ondea  atmospheri- 
quea  qui  auivent  lea  fronts  de  choc. 
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ABSTRACT 


Preliminary  results  of  detection  of  atmospheric  waves  produced  by  focussing  of  shocks  generated  by 
supersonic  aircraft  are  presented.  The  flight  trajectories  were  clrosen  so  that  the  acoustic  gravity  waves 
following  the  shock  front  were  focussed  on  the  ground  after  reflection  from  the  stratosphere,  or  in  the 
E-layer.  Infra-acoustic  waves  were  detected  on  the  ground  using  a  2  Hz  infra-acoustic  correlator.  At  the 
E-layer,  the  waves  were  detected  using  a  modified  vertical  sounding  technique.  Results  obtained  during 
11  test  flights  have  shown  that  the  ray  tracing  technique  may  be  successfully  used  for  predicting  the 
propagation  of  atmospheric  waves  udlowing  shock  fronts. 

1.  INTRODUCTION 

Propagation  of  atmospheric  waves  in  internal,  gravity  anti  acoustic  gravity  regions  may  be  easily 
studied  using  the  ray  tracing  method  for  the  group  p^lIi  developed  by  Cowling  et  al.  (1).  The  method  applies 

to  a  model  atmosphere  with  stratified  winds.  The  method  is  further  based  on  the  dispersion  relation  for  .an 

isothermal  atmosphere  and  for  waves  with  small  amplitudes  only.  If  the  method  has  to  be  used  for  location 
of  sources  of  the  natural  infrasonio  and  internal  gravity  waves  produced  at  high  latitudes  by  auroral 
mechanisms  it  is  necessary  to  fina  a  way  of  vari.fying  it. 

A  convenient  method  of  testing  of  the  method  has  been  found  by  applying  it  to  atmospheric  waves 
produced  by  supersonic  aircraft.  It  has  been  stown  by  Meye  '  (2,'  that  the  sfiock  front  produced  by  a 
supersonic  source  is  in  the  far  zone  followed,  at  any  given  point  in  space,  by  a  decaying  oscillation. 

The  major  part  of  the  oscillation  energy  is  located  with  the  uppermost  frequency  range  of  internal  gravity 
waves  -and  the  lowest  frequencies  of  acoustic  gravity  oaves.  The  waves  travelling  upw  .ds  are  amplified 
(Daniels  et  al.  (3)  due  to  the  density  stratification  in  the  atmosphere. 

The  idea  of  influencing  the  ionosphere  by  the  shocks  produced  by  supersonic  aircr,.  t  lias  been 

developed  by  Marcos  (4).  Flight  trajectories  of  supersonic  aircraft  were  chosen  to  obtain  focussing  of 

the  shark  at  ionospheric  altitudes.  Effects  of  ttie  shock  on  the  ionosphere  were  detect'.  I  studying 
frequency  shifts  of  radio  waves  reflected  at  tlx’  point  where  the  waves  wer  .  focus,  d. 

In  the  present  experiment,  flight  trajectories  of  Saab-35  Drukeri  supersonic  aircraft  were  progranmed 
in  two  different  ways  in  order  to  obtain: 

(i)  Focussing  of  waves  on  the  ground  after  reflection  from  the  stratosphere  at  about  40  km  altitude. 

(li)  Focussing  of  waves  at  the  E- layer. 

During  the  l'>  -,t  test  period,  J2--.1S  January  1971,  six  flight!:  were  performed,  three  along  <  ch  of 
two  types  of  trajectories.  In  all  three  flights  along  the  type  (i)  trajectory,  clear  ground  effects  were 
observed.  During  three  fliglt;  with  ionospheric  focussing  clear  effrots  vn'e  observed  during  two  of  them. 
During  the  second  test  period,  1-3  February  197.1  ,  five  flight s  were  performed .  The  flights  were  performed 
along  the  type  (ii)  trajectory,  authrigh  the  deceleration  of:  (die  aircraft  in  the  final  part  of  the  flight 
VMS  programed  during  15  seconds  to  obtain  focussing  effects  on  the  ground.  During  four  flights  rather 
clear’  effects  were  observed  uoth  on  fie  ground  and  in  the  E-layer.  Curing  the  flight  on  1  Febrvcry  i v/i, 
ground  measurements  ot  2  Hz  sign,  were  jmp’snible  due  to  a  strong  wine  and  the  ionospheric  measurements 
were  uncertain  utvanse  the  E- layer  reflection  whs  very  weak  and  unstable.  The  present  results  indicate 
that  the  r..y  tracing  method  may  lx:  sat'  Aictori  Ly  applied  for  on  '■  -illation  of  flight  trajectories  for  which 
the  focussing,  of  waves  will  occur. 

2.  CALCULATION  OF  FLlUfT  TRAJECTORIES 

It  Iws  ix-e.u  assumed  tf.it  the  direction  of  tile  gneip  velocity  of  the  wivi  picket  .  h  ring  the  shock 
front  is  normal  to  the  shock  front,  fix’  orientation  of  the  shock  front  in  determined  by  the  <■  ’ection  of 
file  motion  (see  Fig.  1)  and  the  'luoh  angle.  The  Much  .ingle  is  defined  as 

<:iu  n  _  a/  '  -  l./M  (  i ) 

when’  a  is  the  'oral  sound  velocity,  v  is  the  v«  pxi'y  of  the  lircrult  .urf  M  is  the  Me  .-ti  ntmlxir.  for  a  fligtit 
trajectory  with  .  evdt'on  c  the  slope  of  Use  ix:  mil  t  >  the  upwind  going  shock  f  ront  j ..  <>*  given  by 

tgn  -  ■  il°  ♦  r  -  .uetg;(  l/H‘  -  1).  (?) 

T.,e  pr :  lie  i  pi  e  for  foci  .  r  ip  of  tin*  w  ie  pickets  is  -  I  own  in  Fig.  ?  a,b  for  la  ■  a  leeiories  type  (1)  and  (2), 
rvspect  ively  In  order  to  ’brain  fix.-u:  sing  a  (oint  X  >f  rays  genera1,  1  along  the  t  mjert,  >-,■  ’.-tween  punts 
f  and  2  following  conditions  mud.  :»■  tuljt  i  i  led  .  >r  anv  |‘i:r  i  -1  points  i  ,  j  of  the  trajer  tory  pit1!  f-2: 

1)  Riy  pulis  from  piints  i  ,ind  ,  un:.'  inter", ei  in  the  pcint.  ... 

2)  he’  insert  ii  ...  I.  t .id.  (  1, ,  i  , .  if.  une  Ci,  .  ,  .  .i  .  tlx.  Iru.-i  i,u* -  uetw’en  g.uc  i  and  X  tun'd 

lie  equal  to  'he  sum  of  f  lie  !!.•<'  >1  t  ijne  l.-"Ji>en  j  and  X  .u«i  tie  f  1  igiif  tin  •  t>etwe<  i  an  I  | . 


35*5 


Ill 


f-.iv  ;  - 1  r ; .  i:«t  'r  ivel  *  ime  u».--e  ni.ru!  using  the  ray  during  method  of  Cowl  ing  ft  al.  (1).  Winds 
u«!  in  •  *t i *  a>'  .  ip  '  .  I."  t  cV •  *1 1  tun  lix/al  r  vul  i  son. le  measurements.  Temptivi turcr.  above  .’0  tori 

rf'i-i’  t.iiiM  t  t\tt  .»e.  If.  :.!  u.l.m!  Atrm.phw  ,*!)u,.ted  to  tint  observe.  I  .’ll  km  value.  The  winJ  model  used 

ii,  t  In*  !  -  •  .Mnvn  /  (l—  /  ri  km  i  ,  I, rail  r.  r  .  ket  meusurv’fivi  at  s  nude  in  'onuory  1970  at  tin*  rocket  range 
hkAHl  t.r*i.'u,  r.i'ig  i  I  illir.g  pan  I  iu*e  met  1**1 .  In  the  liik.il  reduction  of  last  three  flights  nude  on 
;•  ’  ti.ii.uv  l  i ' .  ,  r  -  k<-'  '!<•  i  .uici  •!  the  wind  nw.Se  an  the  non**  ..'ay  at  KflKANGT  were  used,  In  the  tieight 
interval  Km  •  tie  win!  j>r  >t  : .'  e  wa  .  t  tier  1m  mritoi.tr  map  given  by  Mirga  trciyd  (5)  for  bh°N  and 

.•.I  .astro!  *  .  .frv««:  *u  kjr.  valae..  !«ei;«-T'»ture  profiles  were  converted  to  .sound  velocity  profiles.  Also 

luring  •  !»■  ■;>•■  .:  K 1  j*»ri  il,  i->  relirinry  1  <  '  1  »  wind  nVMrursovnt  s  trim  I  J  i  FAT  Hi  were  usW. 

i.  •  i  :r;\  ■; ■  •  > jm  or  n-''. -■ -iavi:, 

die  atm  ;  wave'  t  .«■>.  .  tin-  grand  were  <fc»tected  only  it.  the  inftVi-dVJlint  iC  range,  at  a 

;  jos  jar v  s'  .  'ic  i  i .  :g  a  atvli'  >t  t ...  ,;tka  at  al .  ((.)).  The  rvrrTvlator  measures  the  cross-corre  lat  ion 
between  w  .  M.  ;g;ap.  i*-.  .r|,d  r  sp.r  .•  :  piezoelectric  microplunes.  I  lie  baseline  of  the  correlator  Ins 
!cej.  i  ik.m:  •(..  1 1  re.  r  ion  *■■•»!  i  al  u  t  >  tlie  exjxs  t  ed  direction  of  .uvival  of  f  ix  us  sec  infra- 

i  a  *t  a  i  . .  g:  .a  ,  . 


«•-.  ;  net  .  waves  f,.-u:is,i:  ,i.  *  n<  i  n  .pixsv  vxirv  Jetryte!  using  i  rnrxlif  ied  vertical  sound  ilg 
■'I,.  l.'ve i* .p«d  "!::  .•  n-t  i.  recorder"  (Olsson  ('>’))  hr  teen  used  t  .>  record  the 

v;rt  ,. i.  I .  •  '  vet  ’  i.-.il  ref  le.  •  i  ■!  >  Ml/  pulsed  tr  ansmission.  Hie  virtual  heigh*  was  nieasaryx!  with 

u  i  ,.~ur  i  :  .  o"  .  Ii.riip  tti  prv  ,e;,t  inert  the  Height  interval  Hi-IBb  km  wus  selected  on  the 

iv  orxle:  .  :<■  I  tin1  I  irsi  rd  Us  t  i-  r  apjgsiring  in  this  interval  was  recorded.  On  lb  January  a 

weak  i  ;.  .'irUinr  is>-  with  i  n.  .spheric  absorption  occurred  which  limited  the  amount  >1 

rali  •  ji.t.'t  t. e  i'  -  Mis  ur!  en.il  ail  nigh-accuracy  measurements  of  the  reflection  height.  Also  during 
flights  :.  .  -  >  *etiri.uv  1  '17 1  a  •  t.  ..  :  w).;  pr>.',ent  which  enabled  measurements  of  reflection  height. 

...  FI  a-,;-  I  Ml  A  "M.'MhhT. 

la!  ..•  .  .lew  pcimeter.  . a  1  i.  11  flights.  Tlie  first  tlii've  f  iigt/.s  werv  jjerformeo  along  the  type  111) 
ini'-  "  !%•  giving  '  }/<  gr»in!  I'.niss  i:g.  An  example  of  the  . .  .rtvspo'id  it  vi  <  .on  via  tor  recording  frem 
l'i  la/.ij  uv  is  .in  vs i  in  fig.  ’.  I’!;*’  vc  ?  i  al  scale  on  this  1  igure  gives  approximate  values  of  the  cross- 

con  Wat  i  ..n  I » a  wee:  ?w  -igntls  re  rdrd  it  a  distance  of  btl  x.  Tim  broken  line  along  the  time  axis  shews 
the  ipp:>  x  i,-. e  :  ..  p  .  >f  t !».•  •  >i . i ■_  pit  t  of  tlx'  fligf.t.  Tlie  noiiti  line  indicates  the  part  of  the 
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flight  programed  for  the  focussing  of  inf  m-acoust le  wuvtts  ui  tte  obaoi'ving  site  on  tine  ground.  ft  may  fie 
seen  that  tte  2  Hz  signal  is  mululated  with  a  low  frequency.  In  particular,  in  the  initial  phase  of  the 
focussing  a  period  of  2  min  nay  be  clearly  observed .  The  solid  .snow  on  the  diagram  ? »ov.- :  the  expected 
start  of  the  infna-arxxistie  signal.,  calculated  u/xle?'  assumption  that  tic  waves  propagate  with  the  velocity 
of  sound.  The  duration  of  the  2  Hz  signal  .is  very  large  and  cannot,  be  simply  explained.  No  ground  wind  was 
waoured  during  this  experiment.  It  must  he  remembered  tint  the  waves  reivxded  on  the  ground  travelled 
along  a  distance  of  the  order  of  200  km.  No  acoustic  signals  wit;  I  ward  during  this  experiment  at  the 
recording  site. 

An  example  of  recording  of  ionospheric  effects  of  shock  focussing  during  flight  No.  fc  on  IS  January  is 
shown  in  tig.  4.  The  recording  gives  the  reflection  teight  of  3  MHz  pulses  transmitted  from  Kiruna.  The 
broken  line  along  the  time  axis  shows  the  approx inute  duration  of  the  supersonic  part  of  the  flight.  The 
solid  line  indicated  the  part  of  the  flight  during  which  tic  infra-acoustic  waves  were  focussed  in  the 
E- layer.  The  solid  arrow  indicates  the  expected  time  of  arrival  of  infra-acoustic  waves  (6-sec  period)  to 
the  100  km  level  measured  from  the  start  of  focussing  trajectory.  The  empty  arrow  indicates  the  expected 
time  of  arrival  of  waves  with  periods  close  to  the  Brunt  period  (2'b  min).  It  may  be  seen  tint  the  reflection 
height  starts  to  oscillate  much  before  the  expected  time  of  arrival  of  infra-acoustic  wives.  This  is  tlie 
case  during  two  other  flights  on  the  some  day  and  it  is  difficult  to  say  if  the  flights  coincided  with  a 
natural  variation  of  the  reflection  height ,  or  if  it  lias  teen  caused  by  shock  wives  produced  at  the  very 
beginning  of  the  supersonic  trajectory.  Another  reason  for  the  earlier  onset  of  oscillations  may  be  due  to 
the  fact  that  the  shock  front  travels,  in  general,  with  a  velocity  V,.  larger  than  the  velocity  of  sound. 

After  Friedman  et  al.  (8)  Vs  is  related  to  the  pressure  jump  in  the  shock  front  as  fellows: 


Vo  u 

all  ♦  J] 

1  +  0-43J 

[  4y  |*  [ 

where  a  is  the  sound  velocity,  y  is  live  ratio  of  specific  heats,  and  1  is  the  relative  overpressure.  As  the 
shock  travelling  upwards  is  amplified  (Daniels  et  al.  (3)),  velocities  appreciably  larger  than  the  sound 
velocity  may  easily  be  achieved  at  ionospheric  heights  even  for  shocks  which  are  weak  in  the  lower 
atmosphere . 

It  is  interesting  to  compare  present  results  with  tliose  obtained  during  similar  exjjeriinents  by 
Narcos  (l-).  Ionospheric  effects  were  detected  there  by  a  phise  path  technique  giving  merely  the  derivative 
of  the  phase  path  length,  His  experiments  have  shown  small  ptuse  path  chuiges  of  the  order  of  1  Hz  with 
durations  from  20  to  30  sec.  This  corresponds  to  the  resulting  overpressure  at  E- layer  of  20  per'  cent. 
Ionospheric  effects  observed  by  Marcos  seem  to  be  caused  by  the  t'edistribut  ion  of  the  ionizat  ion  during 
the  passage  of  the  stock  front.  Decay iig  oscillations  following  the  shock  front,  which  were  observed  in 
the  present  experiment ,  are  too  slow  to  be  easily  observed  by  the  phase  path  technique. 

The  main  result  of  the  present  experiment  is  that  the  my- tracing  technique  based  on  the  linear 
theory  may  be  satisfactorily  applied  in  studies  of  propagation  of  atmospheric  waves  following  shock  fronts. 
The  ray-tracing  technique  may  thus  be  used  in  studies  of  the  source  of  atmospheric  waves  associated  with 
the  auroral  activity.  These  waves,  according  to  Wilson  (2),  are  produced  by  auroral  arcs  or  surges  moving 
with  supersonic  velocity.  Accurate  ground  measurements  together  with  the  ray  tracing  technique  are  planned 
to  be  used  for  testing  the  above  hypothesis. 

Another  interesting  aspect  of  the  present  experiment  is  that  even  a  relatively  small  supersonic 
aircraft  when  accelerating  in  a  particular  manner  may  influence  in  a  measure  able  way  the  E-layer. 

Only  direct  rays  have  teen  taken  into  consideration  in  the  present  cxjieriinent.  Rays  ref  lected  from 
the  ground  are  attenuated  at  the  ret  lection  and  by  the  much  longer  propagation  path.  For  an  aircraft 
flying  at  an  altitude  of  10  km  at  Mich  1-42  the  propagation  path  to  E- layer  for  reflected  rays  is  about 
23  kn  longer  than  for  direct  rays. 
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Fig.  3 


An  example  of  the  2  Hz  correlator  recording  during  flight  No.  3  on  14  January  1971.  The  broken  line 
along  time  axis  shows  the  approximate  duration  of  the  supersonic  part  of  the  flight. 

The  solid  line  indicates  the  part  of  the  flight  programmed  for  the  focussing  of 
infraacoustic  waves  at  the  observing  site  on  the  ground. 
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Fig, 4  An  example  of  reflection  height  recording  during  No.  ft  on  15  January  1971  Duration  of  supersonic  and 
focussing  portions  of  the  trajectory  is  shown  as  in  Fig.  3  The  solid  arrow  indicates 
the  expected  time  of  arrival  of  waves  with  the  period  of  ft  sec;  the  empty  arrow  indicates 
time  of  arrival  of  waves  with  the  period  of  3.5  min. 
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Discussions  on  paper  presented  in  Session  III 
(Raaioclectric  studies  on  acoustic  (jrsvity  waves  in  the  neutral  and  ionized  atmosphere) 


Discussion  on  gaper  22  :  "Observations  of  gravity  vaves  in  the  height  range  50  -  70  km"  ,by  0,  PBI0RA„ 


Dr.  0.  LAHGE  -  HESSE  :  Have  you  asde  sure  that  the  variations  in  VLF  amplitude  an  phase  you  have  shown 
are  not  caused  by  mode  interference  7 

Dr.  G.  FEKOHA  :  In  Turin,  the  ground  wave  is  presumably  very  small,  since  Turin  is  just  behind  the  Alps, 
The  two— hops  sky  vavs  is  strongly  attenuated,  since  the  reflection  coefficient  at  the  path  midpoint  is 
very  email  (the  peth  midpoint  is  in  the  industrial  area  around  Paris).  Therefore  the  signal  received  in 
Turin  is  mainly  due  to  tbe  first-hop  sky  wave,  and  node  interference  does  not  seen  to  be  possible. 


Discussion  on  paper  2 6  :  "Ionospheric  perturbations  caused  by  long  perird  sound  waves  generated  by  Saturn  - 
Apallo  rocket  launches" ,  by  G0L,  RAOo 


Dr,  T.M,  GEORGES  s  1°  -  How  do  your  digital-processing  techniques  account  for  multivalued  Doppler  traces 
camaonly  seen  on  analog  Doppler  records  and  hrw  do  you  determine  when  "mode  -  switching”  occurs  in  your 
equipment  7 

2°-  Your  ftequency-vs  time  recordJ  appear  very  ouch  like  the  3-5  min,  vaves  associated  with  severe 
storms,  including  tbe  "beaded"  appearance  of  the  wave  envelope.  This  suggests  the  pretence  of  two  closely 
spaced  frequencies  such  as  those  shown  by  Davies,  Does  your  spectral  analysis  reveal  the  presence  of  these 
tvo  frequencies  7 

Dr,  G,L«  RAO  i  1°  -  This  is  one  of  the  disadvantages  of  using  digital  recording  of  the  data  in  our  system, 
the  stronger  mode  that  appear  at  the  time  of  digitization  is  usually  recorded  which  means  that  there  is  a 
possibility  of  mode  switching  in  our  form  of  recording, 

2°-  We  have  not  clearly  noticed  presence  of  two  frequencies  in  our  spectral  analysis  of  the  CW 
Doppler  data  for  laturn-A polio  launches. 


Discussion  on  paper  27  :  "Observations  of  travelling  ionospheric  disturbances  at  London,  Canada", 
by  .T,  LTTVA. 


Dr,  H.  RiSHBETH  :  You  observed  TID's  on  only  nine  days  out  of  a  period  of  1  1/2  years.  Does  this  mean  that 
TID's  were  rare,  or  does  your  equipment  select  only  certain  kinds  of  TID  7 

Dr,  J,  LJTVA  :  1  suspect  that  my  equipment,  as  all  TID  sensing  equipments,  is  most  sensitive  to  certain 
type  of  TICS,  The  eun,  during  this  period  of  timef  acted  as  a  radio  source  for  a  total  of  only  11  or  12 
days.  Therefore  my  equipment  was  a  TID  sensor  during  this  time  interval  only  when  the  sun  was  a  radio 
source. 

Dr.  K,  DAVIES  :  How  does  the  velocity  of  the  TID'o  observed  by  you  depend  on  wave  period  7 

Dr,  J,  LTTVA  :  I  measured  the  velocity  of  TID's  at  tvo  vave  periods  p  namely  21  minutes  and  6  minutes. 

The  velocity  of  the  former  was  about  1  000  km/h,  and  that  of  the  latter  about  200  km/h  |  therefore,  for 
these  tvo  measurements  the  velocity  of  the  larger  period  TID  was  greeter  then  that  of  the  lower  period 
TID. 


Discussion  on  :  "Ionospheric  tilt  measurements  near  the  magnetic  dip  equator",  by  R,F.  TREHARNE, 


Dr.  H.P.  WILLIAMS  :  The  ionospheric  tilts  referred  to  by  Dr,  GEORGE  would  presumably  not  include  the  large 
scale  tilts  caused  by  the  transition  from  a  sunlit  to  a  dark  region.  We  found  in  oblique  soundings  across 
the  Atlantic  that  such  large  scale  tilts  could  account  for  the  50  <  or  so  extension  in  the  MUF  which  occur¬ 
red  when  the  eun  was  near  either  terminal,  I  think  it  is  important  to  bear  this  distinction  in  mind  since 
the  significance  to  the  communicator  is  very  different  in  the  tvo  cases. 

Dr.  P,  GEORGE  on  behalf  of  Dr.  TREHARNE  :  We  would  agree  that  the  significance  of  large  slowly  varying 
gradients  and  smaller  more  rapidly  varying  tilts  to  the  communicator  vill  in  general  be  rather  different. 
The  communicator  is  more  often  concerned  with  the  relation  of  his  operating  frequency  to  the  MUF,  and  the 
large  gradients  which  vary  more  slowly  in  time  are  of  s  tnificanct  here.  Treharne's  results  do  include 
these  large  slowly  varying  tilt  effects  and  they  must  be  removed  in  order  to  study  the  occurence  of  TID's, 
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Dr.  J,  R0TTOER  t  Aa  1  understood  you  cannot  observed  TID'e  during  spread  F  conditions.  Is  ay  assumption 
right  that  TID's  are  not.  absent  vhen  spread  F  is  evident  T 

Dr.  P.  GEOROE  :  Since  ve  cannot  usually  make  observations  or  angle  of  arrival  with  this  equipment  vhen 
spread  F  is  present  I  sa  unable  to  comment  on  an  experimental  basis  on  whether  or  rot  TID's  are  also  then 
present,  From  a  theoretical  point  of  view  I  would  think  it  aost  likely  that  TID's  and  spread  F  do  coexist, 
I  sight  even  speculate  that  TID's  are  associated  in  the  sane  way  with  the  production  of  ica>e  forms  of 
spread  F, 

Dr,  G,  LERFA1D  :  If  the  amplitude  of  a  TID  is  sufficiently  great,  returns  may  be  obtained  simultaneously 
frost  more  than  one  reflection  point.  Can  the  equipsent  described  in  this  paper  deal  vith  multiple  reflec¬ 
tions  and,  if  so,  are  any  reaults  available  7 

Dr.  P.  GEORGE  :  The  equipment  described  in  this  paper  ia  deliberately  designed  to  make  measurement  of  di¬ 
rection  of  arrival  only  vhen  a  single  mode  is  instantaneously  present,  that  is,  it  tests  for  plane  wave 
front  conditions.  The  equipment  can  of  course  be  used  to  measure  directions  of  arrival  on  1st,  2nd  or 
sny  order  mode  provided  only  that  euch  measurements  are  not  simultaneously  possible. 


Discussion  on  paper  30  :  "On  the  generation  and  detection  of  artificial  atmospheric  waves", 
by  L.  LISZKA  aSnSToCsSOH. 


Dr.  B.  MURPHY  :  I  sm  interested  in  your  statement  that  the  infrasonic  signal  observed  on  the  ground  is  not 

an  N  wave,  that  the  high  frequencies  are  filtered  out.  Does  this  mean  that  the  signal  no  longer  begins 

vith  a  steep  rise  or  does  it  mean  that  the  dominant  period  of  the  disturbance  has  increased  (as  one  might 
expect  from  nonlinear,  veok  shcck,  effects)  7 

Dr.  L.  LISZKA  :  As  ve  can  see  it  vith  our  narrow  band  equipment  the  rise  time  of  the  H  -  wave  does  not 
change  very  much,  but  there  is  a  tail  of  lover  frequencies  following  the  K  -  wave.  The  larger  the  distance 
from  the  source,  tho  longer  seems  to  be  the  tail. 

Prof,  R.K,  COOK  :  The  train  of  sound  waves  which  follow  after  the  N  -  wave  of  a  sonic  boom  might  have  se¬ 
veral  origins.  If  s  supersonic  aircraft  passes  almost  directly  overhead,  a  few  kilometers  above  an  obser¬ 
ver,  he  will  hear  the  jet  engine  noise  immediately  after  the  sonic  boom.  All  of  the  engine  noise  is  con¬ 
tained  vithin  the  Mach  cone  cf  the  supersonic  flight,  and  therefore  is  not  audible  until  the  cone  has  pas¬ 
sed  over  the  observer.  When  an  observer  is  off  to  one  side,  Uo  -  50  km  away  from  the  flight  path,  then  he 
usually  hears  a  lov-pitched  rumbling  sound.  This  is  mainly  reverberation  of  the  sonic  boom  energy,  arising 

from  scattering  and  reflection  of  the  sonic  boom  by  trees,  buildings,  etc.  At  the  end  of  a  very  long  pro¬ 

pagation  path  through  the  atmosphere,  300  km  or  greater,  the  sonic  boom  energy  might  reverberate  for  a 
time  duration  of  a  minute  or  so.  The  reverberation  observed  at  such  locations  is  inaudible.  The  sound  wave 
energy  is  concentrated  at  infrasonic  frequencies.  The  reverber  lion  arises  frem  scattering  of  the  Bound, 
in  transit  to  the  observer,  by  atmospheric  inhomogeneities  rather  han  by  dispersion  in  sound  velocity  at 
varioue  frequencies. 

Dr.  L.  LISZKA  :  A  part  of  the  "tail"  following  an  N  -  wave  may  of  course  be  due  to  scattering  processes. 
However,  a  dispersion  of  sound  velocity  at  different  frequencies  is  a  consequence  of  the  dispersion  re¬ 
lation  for  acoustic  waves  and  should  be  observed  also  in  csise  of  sonic  booms.  It  is  a  common  explanation 
of  wave  trains  following  remote  ground  level  explosions,  where  the  length  of  the  tail  and  its  spectral 
content  depends  on  the  distance. 


General  discussion 


Prof.  I.  RANZI  :  A  very  important  application  of  the  studies  on  the  radioelectric  effects  of  acoustic  - 
gravity  waves  is  that  concerned  with  the  over-the-horizon  HF  radar.  This  is  a  classified  matter,  but  we 
all  know  what  are  the  basic  principles  of  this  device,  and  we  may  then  be  able  to  provide  data  of  a  direct 
usefulness  for  the  designers  (e.g, ,  influence  of  acoust  ic-gravity  waves  on  azimuthal  aixl  vertical  angle 
of  arrival  of  the  baskscattered  echoes,  and  on  their  delay).  Perhaps,  somebody  in  this  audience  may  con¬ 
tribute  to  this  discussion. 

Dr.  L.  WETZEL  :  Prof.  RAWZI  raised  the  topic  of  over-the-horizon  radar  as  a  possible  focus  of  AGARD  in¬ 
terest.  Obviously,  the  military  applications  and  characteristics  of  such  devices  are  classified,  but  it 
should  be  fairly  obvious  thut  since  an  OTH,  or  HF,  radar  utilizes  propagation  in  the  ionosphere,  such  para¬ 
meters  as  bearing  accuracy,  available  signal  bandwidth,  etc,  will  depend  critically  on  both  the  large  and 
small-scale  features  of  the  ionosphere.  For  this  reason  the  acoustic-gravity  waves  being  discussed  at  this 
meeting  will  exact  a  significant  influence  on  the  performance  capabilities  and  limitations  of  HF  radars 
and  deserve  close  study. 

Cr.  Ch.  WILSON  :  With  respect  to  over-the-horizon  radar  propagnt  on  disturbances  I  feel  that  it  is  impor¬ 
tant  to  investigate  further  the  possibility  that  an  ionization  -  collection  process  may  be  taking  place 
in  the  E  region  of  aupersonic  auroral  arcs  during  the  generation  of  auroral  infrasonic  waves  by  a  "wall” 
of  moving  ionization  within  such  arcs.  Approximate  calculations  of  the  expected  ion  densities  indicate  that 
the  ion  density  may  increase  up  to  values  of  2  x  lo7  ionn/cm3  within  the  arc.  Thus  the  ion  density  gra¬ 
dients  may  be  as  large  as  two  orders  of  magnitude  within  a  few  hundreds  of  meters  from  in  front  of  the 

supersonic  arcs  to  within  the  "wall"  of  swept-up  neutral  auroral  ionization. 

Thus  the  implications  of  recent  research  in  auroral  infrasonic  wave  generation  is  that  ion  densi¬ 

ties  in  some  auroral  arcs  that  are  in  supersonic  translation  with  a  direction  of  motion  that  is  parallel 
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to  tho  E  region  ambient  electric  field  may  be  one  hundred  ti  ses  c*  large  as  that  in  other  area  that  are, 
in  all  other  respects,  similar. 

Dr.  W.  STOFFREGQI  :  A  backscatter  sounder  on  16.8  at  Uppsala  can  he  operated  with  two  transmitted  pulses, 
the  tire  delay  between  them  can  be  varied  from  zero  to  some  milliseconds.  The  returning  reflections  from 
both  pulses  are  compared  and  a  correlation  analysis  can  be  made  in  order  to  study  the  life-time  of  ionised 
elements  in  aurora  and  fast  variations  in  backscatter  from  different  sources.  This  double  pulse  method 
seems  to  give  promising  results, 

M 

Dr.  H.O.  HOLLER  :  By  sweep  frequency  groundscatter  meaaurmsmit  it  is  possible  to  trace  travelling  distur¬ 
bances  over  a  wide  ntnge.  Such  measurements  are  being  made  at  Lindau/Hars  West  Germany  in  a  frequency 
range  2.8  -  1«5  HHs  with  rhombic  antennas  switched  in  10  different  azimuth  directions. 

The  range-frequwncy  dependence  of  the  traces  is  in  very  good  agreement  with  the  ray  tracing  cal¬ 
culations  made  by  T.M,  Georges  (1969)  who  should  that  looking  in  the  direction  of  the  movements  of  the 
travelling  disturbances  the  slope  of  the  traces  is  positive  (increasing  with  increasing  frequency).  Loo¬ 
king  in  the  opposite  direction  the  slope  is  negative. 

As  the  maximum  range  of  the  records  is  2  300  Ion  and  focussing  takes  place  near  the  apex  of  the 
path,  the  travelling  disturbances  can  be  traced  from  1  250  km  in  tke  north  to  1  250  km  in  the  south. 

Dr.  K.  DAVIES  :  My  fixed  frequency  H,F,  Doppler  measurmsents  show  that  on  fixed  frequencies,  TXD's  appear 
bigger  by  day  than  by  night.  Your  data  indicate  the  reverse.  Can  you  explain  this  T 

Dr.  A.D.  MORGAN  :  For  the  conditions  of  the  experiment,  namely,  at  frequencies  near  the  MUF  during  Novem¬ 
ber  and  December  1970,  we  generally  observed  more  bearing  perturbations  during  the  dsy  than  during  the 
night.  However,  some  bearing  perturbations  were  observed  during  the  night  and  examples  of  these  were 
shown  in  my  presentation.  As  the  quantity  of  data  I  presented  was  limited  to  2  months,  it  vas  too  small 
to  enable  a  comparison  to  be  made  between  the  magnitude  of  the  bearing  perturbations  between  day  and  night, 
In  fact,  in  my  presentation,  1  gave  no  comparison  between  the  size  of  the  perturbation  during  the  day  and 
night  periods  ;  I  only  compared  the  occurence. 

Dr.  H.G.  M0LLER  :  I  would  like  to  support  Mr.  MORGAN. 

From  groundscatter  observations  at  Lindau/Harz  West-Germany  made  with  antennas  pointing  to  the 
south  we  know  that  the  ionosphere  is  much  more  stable  at  night  than  at  day  by  the  following  reason  :  At 
the  trailing  edge  of  the  groundscatter  trace  magnetoionic  splitting  is  observed  quite  regularly  at  night, 
except  for  the  severely  disturbed  ones.  On  daytime  records,  however,  magnetoionic  splitting  is  observed 
only  on  E-layer  reflected  groundscatter  but  not  on  F  layer  reflected  groundscatter. 

As  magnetoionic  splitting  can  be  observed  only  if  reflecting  layer  is  concentric  homogeneous  inside 
the  azimuthal,  sector  illuminated  by  the  antenna  or  if  the  deviation  from  concentric  homogenity  is  very 
small,  one  con  conclude  from  these  observations  that  the  ionosphere  is  much  more  stable  at  night  than  at 
day  south  of  our  bachscatter  site. 
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SOKMAIRE 


Au  cours  de  ces  derniireo  annees,  l'auteur  de  cet  expose  a  travaill*  a  la  recherche  et. 
au  developpement  de  modeles  thSoriques  de  plasmas  a  paramet.res  variables  dons  1'eBpace,  et  a  uti¬ 
lise  ces  modeles  pour  etudier,  a  l'a.ide  d 'ordirmteurs  extrfenement  rapides ,  la  propagation  dee  on- 
des  au  sein  de  ces  milieux.  II  montre  consent  on  peut  faire  appel  a  certains  de  ce_i  modeles  theo- 
riques  pour  etudier  les  effete  de  premier  orure  d'unc  perturbation  en  onde  de  basse  frequence 
(par  exemple,  uns  onde  acoustique  et  de  gravity  d'unt  fraction  d'Hertr)  sur  urie  onae  electromagne- 
tique  a  haute  frequence  (de  l'ordre  du  Kilohertz  ou  du  megahertz)  se  propageant  dans  l'ionosphere, 
L'auteur  dlicrit  tout  d'abord  la  formulation  du  oodele  et  son  adaptation  au  probleme  gtudie  au  moyen 
de  la  thSorie  de  perturbation.  II  expose  ensuiti ,  d’un  point  de  rue  general,  la  faqon  dont  on  peut 
utiliser  cette  theorie  pour  calculer  les  effets  de  premier  ordre  produits  par  l'onde  acoustique  et 
de  gravity  sur  l'onde  £lectrosiagn6tique,  II  achi  ve  sa  conference  par  une  brSve  discussion  de  certui- 
nes  implications  de  cett-*  theorie  sur  les  systJt es  de  communication. 
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by 
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ABSTRACT 


During  the  past  few  years,  the  author  has  been  involved  in  research  on  the  development  of  theoretical 
models  for  plasma  media  whose  parameters  are  spatially  variable,  and  the  use  of  these  models  to  study  wave 
propagation  in  such  media  with  the  aid  of  high-speed  computers.  It  is  shown  in  this  paper  how  some  of 
these  theoretical  models  can  be  used  to  study  the  first-order  effects  of  a  low  frequency  wave  disturbance 
(e.g.  an  acoustic-gravity  wave  at  a  fraction  of  a  Hertz)  on  a  high  frequency  electromagnetic  wave  (at 
kilohertz  or  megahertz)  propagating  in  the  ionosphere.  The  formulation  of  the  model  and  its  adaptation  to 
the  problan  of  interest  via  perturhation  theory  are  first  described,  followed  by  a  general  outline  of  the 
way  in  which  this  theory  could  be  used  to  calculate  the  first-order  effects  of  the  acoustic-gravity  wave 
on  the  electromagnetic  wave.  Some  communication  systems  implications  of  this  theory  are  briefly  dis¬ 
cussed  at  the  end  of  the  paper. 

1.  INTRODUCTION 

In  recent  years  the  author  has  been  involved  in  research  on  the  development  of  very  general  mathe¬ 
matical  models  for  analysis  of  wave  propagation  in  spatially  inhomogeneous  partially  ionized  gases  and 
the  computer-aided  solution  of  the  equations  comprising  these  models. (Raemer  1966,  Raemer  and  Verma,  1966, 
1970,  Verma  and  Raemer,  1971,  Raemer,  1972).  Solutions  based  on  these  models  contain  information  which 
could  be  valuable  in  studying  coupling  between  acoustic-gravity  waves  and  electromagnetic  waves  in  the 
Ionosphere. 

In  Section  3  a  linearized  electron-ion-neutral  model  (Raemer,  1966)  is  discussed  as  the  basis  for 
analyzing  effects  of  an  acoustic-gravity  wave  in  inducing  low  frequency  disturbances  of  the  ionospheric 
plasma.  The  wave  frequency  is  extremely  low  (a  small  fraction  of  a  Hertz)  and  the  zero-order,  (known) 
parameters  are  those  of  the  undisturbed  ionosphere.  An  acoustic-gravity  wave  couples  with  the  plasma 
through  collisions.  The  first-order  (unknown)  parameters  are  the  plasma  perturbations  due  to  the  acous¬ 
tic-gravity  wave.  Solution  of  the  equations  would  result  in  approximate  values  of  perturbed  plasma 
density,  pressure,  current  density  and  electric  and  magnetic  fields  as  functions  of  position  and  time. 

A  linearized  electron-plasma  model  (Raemer,  1972)  accounts  for  vertical  inhomogeneities  in  all 
ambient  gas  parameters  including  static  magnetic  field,  and  includes  effects  of  gravity  and  the  possibil¬ 
ity  of  static  electric  fields.  Effects  of  ions  and  neutrals,  horozontal  spatial  inhomogeneties  and  slow 
time  variations  of  ambient  gas  parameters  are  not  accounted  for  rigorously,  but  can  be  included  as 
perturbation  terms  if  desired. 

The  application  of  this  later  model  (Sections  4  and  5)  is  in  the  analysis  of  an  electromagnetic  wave, 
with  wave  frequencies  in  the  kilohertz  to  megahertz  range.  Superposed  on  the  parameters  of  the  undis¬ 
turbed  ionosphere  to  make  up  the  "zero-order"  plasma  parameters  are  perturbations  due  to  the  low  frequency 
wave,  which  could  be  determined  from  the  analysis  discussed  in  Section  3.  These  are  functions  of  hori¬ 
zontal  position  coordinates  and  time  as  well  as  vertical  position,  but  because  the  periods  and  wavelengths 
are  so  long  compared  with  those  of  the  electromagnetic  wave,  then  (if  pressure  and  density  departures 
from  the  ambient  values  are  not  too  large)  these  can  be  considered  as  perturbations  on  the  basic  equa¬ 
tions,  in  which  only  vertical  inhomogeneties  are  accounted  for.  First  order  (unkown)  quantities  are  the 
electric  field  components  of  the  electromagnetic  wave  propagating  through  the  region  disturbed  by  the 
acoustic-gravity  wave. 

In  this  paper  the  above  set  of  procedures  are  described  in  general  (Sections  3  and  4)  and  a  method 
of  approximate  solution  is  discussed  (Section  5),  wherein  with  suitable  approximations  one  could  obtain 
estimates  of  the  magnitude  of  the  influence  of  an  acoustic-gravity  wave  on  an  electromagnetic  wave 
propagating  through  the  disturbed  region. 

Communi cations  people  are  interested  in  characterization  of  a  medium  in  the  language  of  linear  systems 
theory;  i.e.,  the  medium  through  which  the  wave  propagates  is  considered  as  the  equivalent  of  an  electri¬ 
cal  filter  whose  Impulse  response  and  complex  frequency  response  function  may  be  changing  slowly  with  time. 
The  results  of  the  analysis  in  this  paper  can  be  cast  in  these  terms  (Section  6).  Through  boundary 
conditions  at  the  lower  edge  of  the  ionosphere,  a  linear  relationship  between  received  wave  fields  and 
transmitted  wave  fields  is  described.  This  relationship  is  equivalent  to  consideration  of  the  propa¬ 
gation  medium  as  a  linear  filter  whose  impulse  response  may  be  time  varying. 

2.  FORMULATION 

The  theoretical  models  referred  to  above  are  formulated  with  the  following  equations: 
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Pi  (It  -  y-i  •  v)  m.i  *=  -  vp<  +  ^  (?  +  vy-  Iz<pi9) 

-  Pf[v1n(ui  -  Up)  +  -  ue)]  (Ion-motion  equation) 
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•  P„[v-  (u„  -  uj  +  v  , ( u  -  u.)]  (electron-motion  equation) 
c  en  ir.  —  fi  ci  — c  — i 

dp. 

V  .  (p.u^)  +  -  0  (ion  continuity  equation) 
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V  .  (p^)  +  =  0  (electron  continuity  equation) 
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|  ~Y  J  =0  (ion  adiabatic  state  equation) 

|  —■  j  -  0  (electron  adiabatic  state  equation) 
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p.  =  ion  mass  density 

pg  =  electron  mass  density 

p.  =  ion  pressure 

Pe  •-  electron  pressure 

u.  =  ion  velocity 

u  =  electron  velocity 
— e 

u  =  neutral  velocity 
— n 

t  15  time 


b  =  magnetic  induction 

Uo.e0  =  constitutive  parameters  of  free  space 

p  =  magnitude  of  electron  charge 

m..  =  ion  mass 

m„  =  electron  mass 
e 

vin  =  ion-neutral  collision  frequency 

v  =  electron  neutral  collision  frequency 
en 

o  .  =  electron-ion  collision  frequency 

0  I 


y  »  -E  =  ratio  of  specific  heats  (constant  pressure/constant  volume) 
cv 


e  =  electric  field 


‘'ie  =  iHn'electron  collision  frequency 
g  =  acceleration  due  to  gravity 


Linearization  of  these  equations  is  accompl ished  with  the  following  assumptions  (where  subscripts  0 
and  1  indicate  "zero  order"  and  "first  order"  respectively.) 


u„  =  u_, 
—n  — n  I 


lii  ‘  ii-i! 


pi  =  pio  +  pil 


pi  =  piO  +  pil 


u^  =  u _ +  u_ , 

— e  --eo  -e  I 


pe  peo  +  pol  pe  "  peo  +  pel 


£  =  ^  +  ^ 


Using  the  forms  (6),  the  linearized  first  order  equations  ( 1  - 1 )  through  (5)  are  (where  zero  order  quan¬ 
tities  may,  in  general,  be  functions  of  time  and  all  spatial  coordinates,  unlike  the  usual  linearized 
model  where  these  quantities  are  constant). 


V  Pil  +  ~m"~  (^1  +  *11  X  V  *  m~  e0 


iz(pi,g)  -  Pi0Cv1n(y-M  '  %1>  +  u1e(u-il 
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3.  MODEL  FOR  LOW  (ACOUSTIC-GRAVITY  WAVE)  FREQUENCIES 

In  the  low  frequency  case,  both  ion  and  electron  motions  should  be  accounted  for.  Vertical  variation 
of  static  parameters  is  extremely  important  at  those  frequencies,  because  significant  vertical  variation 
of  these  parameters  occurs  within  a  wavelength  or  a  fraction  of  a  wavelength.  Gravity  effects  are  also 
important.  Hence  a  linearized  model  accounting  for  these  effects  and  including  the  ion  equations  is  called 
for  in  attempting  to  analyze  the  effects  of  an  acoustic-gravity  wave  on  the  electromagnetic  parameters. 

Such  a  model  was  formulated  by  the  author  a  few  years  ago.  (Raemer,  1966).  This  model  also  included  the 
neutral  gas  equations  but  subsequent  studies  with  the  model  showed,  as  expected  intuitively,  that  electron 
and  .on  disturbances  do  not  significantly  influence  neutral  gas  motions.  Hence  one  can  consider  the  acous¬ 
tic  gravity  wave  as  propagating  in  the  purelv  neutral  atmosphere,  solve  for  the  parameters  of  such  a  wave, 
particularly  the  velocity  u  ,  and  consider  the  neutral  velocity  collision  terms  in  the  ion  and  electron 
motion  equations  (i-1-1)  an9  (e-1-1)  as  known  source-terms.  In  a  more  recent  paper  (Raemer  and  Verma,  1970) 
we  described  a  method  of  solving  for  ion  and  electron  pressures,  densities,  velocities  and  electric  arid 
magnetic  fields  associated  -ith  propagating  waves.  The  method  was  based  ori  postulation  of  a  stratified 
layer  model,  numerical  evaluation  of  the  eigenvalues  of  the  system  matrix  characterizing  the  equations  in 
each  of  the  layers,  and  an  analytical  evaluation  of  the  solutions  based  on  these  eigenvalues.  This  method 
is  - 11 ud ad  to  in  Section  5  of  the  present  paper,  in  the  context  of  the  analysis  of  a  high  frequency  wave 
influenced  by  the  presence  of  a  low  frequency  disturbance  in  the  ambient  ionosphere. 

We  will  not  discuss  further  here  the  analysis  required  to  determine  the  low  frequency  electromagnetic 
parameters  due  to  collision  coupling  with  the  neutral  acoustic-gravity  wave.  We  will  only  indicate  that 
the  solutions  will  yield  parameters  of  the  form 

f(z)  e'J  V  '  kxgx  ’  V’ 

» 

where  o  is  acoustic-gravity  v/ave  frequency  and  where  k  and  k^  are  propagation  constants  associated  with 
horizontal  propagation.  Using  the  stratified  layer  model  referred  to  above,  the  function  f(z)  will  consist 

of  a  suit,  of  vertical  propagation  modes  of  the  form  z^e^zg2,  where  p  is  a  positive  integer  that  may  be  as 
high  as  2  in  the  electron-ion  case  and  k  will  be,  in  general,  complex,  indicating  both  vertical  propa¬ 
gation  and  damping.  Assuming  that  only  one  of  these  modes  predominates  and  neglecting  others,  low  frequen¬ 
cy  perturbations  of  the  electromagnetic  parameters  due  to  the  acoustic-gravity  wave  are  of  the  form 

p  -i(u  t  -  k  x-k  y-kz) 
z'e  '  g  xg  ygJ  zg  . 

This  is  used  later  in  Sections  4  and  5  in  the  discussion  of  the  theoretical  model  for  high-frequency  wave 
propagation  in  a  medium  permeated  by  a  low  frequency  disturbance. 

4.  f.ODEL  FOR  HIGH  (ELECTROMAGNETIC  WAVE)  FREQUENCIES 

The  assumptions  for  the  EM  wave  frequency  model  are: 

(1)  Ion  and  neutral  motions  are  insignificant  and  can  be  neglected  ( i . e . ,  eqs.  (i-1-1),  ( i - 2 )  and  (i-3) 
are  not  used  and  u^  =  0.  u^  =  0  in  eqs.  (e-I-1)  and  (5-1)). 
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where 


nQ(z)  =  quiescent  value  of  parameter  (i.e.,  value  in  the  absence  of  the  low  frequency  wave), 

h(x,y,z,t)  -  perturbation  in  zero-order  parameter  due  to  the  low  frequency  wave, 

c,  -  perturbation  ordering  parameter. 

(4)  The  high  frequency  wave  parameters  are: 

h,(x,y,z,t)  =  l  h ,  ^(x,y,Z  ,t)  r," ,  (8) 

ri-o 


hl  =  Pel  -  pel>  -el’  e I  0 r  b! 


(5)  Using  (7)  and  (8),  we  set  up  a  new  perturbation  theory  based  on  the  ordering  parameter  r, .  This  is 
over-and  above  the  perturbation  theory  inherent  in  the  linearization  process.  The  equations  are  as 
fol lows . 
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where  superscripts  zero  and  one  are  understood  but  not  expl  icitly  indicated  on  quantities  u< -j ,  pe ^ , 
etc.  where  f€l]  f  ^  fe3)  and  f5]  are  all  zero  for  equations  of  order  4^'  and  these  quantities  for 
equations  of  order  <,  are: 
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Note  that  the  equations  of  order  are  those  of  high  frequency  waves  propagating  in  t lae  quiescent 
electron  plasma.  The  equations  of  order  c  are  those  describing  the  first  order  effects  of  the  low  fre¬ 
quency  (Including  electromagnetic  and  electron-acoustic)  waves. 

Solution  of  the  equations  of  order  (Equations  I)  gives  us  the  parameters  pf?\  pf?\ 

(01  -ei  ei  ei  --I 

and  b{  ,  those  assocWed  with  waves  propagating  1  n  the  ambient  medium  undisturbed  by  the  acoustic- 

gravity  wave.  Knowledge  of  those  parameters  allows  construction  of  the  right-hand  sices  of  the  equations 

of  order  q  (Equations  II),  whose  homogeneous  forms  have  already  been  solved  since  they  are  the  same  as 

Equation  J.  The  right-hand  sides  of  II  contain  first-order  effects  of  the  presence  of  an  acoustic- 
gravity  wave  propagating  in  the  medium.  In  this  approach,  these  are  contained  in  source  terms  rather  than 
within  the  coefficients  of  the  partial  differential  equations  describing  the  phenomenon.  This  is  a  drastic 
simpl 1 ficafion  of  the  physics  of  the  problem.  Even  with  the  simplified  linearized  equations  we  are  using, 
retention  of  the  quantities  Pe(x,y,z,t),  u^(x,y,z,t),  etc.  on  the  left-hand  sides  of  the  equations  and  the 
treatment  of  these  quanti ties'as  of  t*e  saSe  order  as  FggU).  tr  g(z),  et<:-  wou'rf  give  us  a  set  of  coupled 

partial  Differential  equations  in  the  variables  x,y.z  and  t.  The  perturbation  approach  allows  reduction 
6T  tKe~ problem  to  that  of  solution  of  a  set  of  coupled  ordinary  differential  equations  in  z.  The  mathe¬ 
matical  simplification  resulting  from  this  is  enormous,  although  there  is  a  price  to  be  paid  in  the  sense 
that  the  information  we  finally  obtain  is  less  than  we  might  like. 

The  solntionsof  Equation  System  1  are  of  the  form  e"^“et‘kxex‘kyey  ^ ,  where  w  is  the  E-M  wave  fre¬ 
quency  and  kxe  and  k  are  the  horizontal  E-M  wave  propagation  constants.  From  (7)  we  can  conclude 
that  there  are  two  sets  of  terms  on  the  right-hand-side  of  II.  One  set  of  terms  (call  it  T-)  is  of  the 
form  e'j[((,>e-u)g)t.  -  (k^  -  kyJ  x  ••  (k . 

„-jt(u,erUJg)t_(kxe-Hcxg)x 


k  )yj  and  the  other  (call  it  T*)  of  the  form 
ye  yy 

e  “g ' 'xe  xg"'  ♦  ^ye^yg^  .  If  we  assume  solutions  of  II  of  the  form  e‘j("jt-kxx-kyV)^  then  we 

can  consider  each  unknown  in  II  as  composed  of  two  components,  one  a  response  to  source  terms  T  ,  the 
other  to  source  terms  T  ,  The  former  is  of  frequency  o>  =  w  -  u> ,  corresponding  to  a  "lower  modulation 
sideband",  the  latter  o?  frequency  to  -  m  +  w  ,  corresponding  to9an  "upper  modulation  sideband".  This  low- 
frequency  modulation  of  the  E-M  wave  frequency  due  to  the  acoustic-gravity  wave  is  one  effect  that  can  be 
expected  qualitatively.  However,  if  u>e  is  of  the  order  of  megahertz  and  to  a  small  fraction  of  a  Hertz, 

then  the  ratio  of  modulation  bandwidth  to  wave  frequency  is  less  than  .0001*. 

5.  USE  OF  THE  ELECTRON-PLASMA  WAVE  MODEL 


The  systems  of  equations  developed  in  Section  4  fit  into  the  frame-work  of  a  general  theoretical 
model  developed  by  the  author  ot  analyze  wave  propagation  in  an  electron  pla;ma  with  vertically  variable 
static  parameters,  including  a  vertically  variable  static  magnetic  field.  This  last  feature  is  a  genera¬ 
lization  of  the  author's  earlier  work  ori  the  three-fluid  gas  (Raemer,  196b)  in  which  the  magnetic  field 
is  the  only  static  parameter  not  allowed  to  vary.  The  variation  of  the  static  magnetic  field  neces¬ 
sitates  an  electron  drift  velocity  in  source  free  regions  in  order  to  satisfy  the  zero-order  Maxwell 
equation 


7  x  i’o  •  “oil)  *  ’’qD 


— iO 
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(9) 


The  postulate  that  u,Q  and  u  „  are  zero,  standard  in  linearized  plasma  theory,  must  be  abandoned 
in  order  to  satisfy  (9)  unless  thlrvertical  variation  of  b„  is  specified  as  one  in  which  V  *  b.  =  0. 
This  introduces  many  terms  into  the  linearized  equation',  and  complicates  these  equations  greatly. 

work  relating  to  the  general  model  referred  to  above  is  contained  in  an  as  yet  unpublished  paper 
by  the  author  (Raemer,  1972)  which  will  soon  be  submitted  for  publication.  That  work  will  not  be  dis¬ 
cussed  here.  But  the  'node!  will  be  used  to  further  discuss  the  problem  addressed  in  Section  4.  After 
Fourier-transformation  of  both  sides  with  respect  to  x.y  and  t.,  or  alternatively,  choosing  solutions  of 
-- J  (uifc-k  x-  k  j 

v  the  equation  systems  (e-T-1-0)  through  (5-1-0)  and  (e-1-1-1)  through  (5-3-1)  have  been 

manipulated  to  cast  them  each  in  the  form  of  tv-  matrix  equations: 


y '  Av  >  s 

w  «  Cv  +  d 


(10  a) 
(10-b) 


where 


s  Is  «  6-element  column  vector  whose ,  el ements  arc  complicated  but  linear  functions  of  source  terms  on  the 
right-hand  sides  of  the  original  equations,  A  Is  a  6  x  6  matrix  whose  elements  are  functions  of  the  static 
parameters  of  the  plasma,  (EJ(.Ey»t/)  are  normalized  components  of  the  first-order  electric  fields, 

(elx’aly’elz^  an<l  art  derivatives  of  these  normalized  components  with  respect  to  a  normalized 
z  coordinate. 


where  (Pe,/?e,U  ,6  )  are  normalized  versions  or'  (Pe  |  *Peq  *uei  x  biJ*  c  Is  an  8  x  6  matrix  of  functions  of 

i  i  ,  %  i 

the  static  parameters  and  d  is  an  0-element  column  vector  of  functions'  of  source  terms.  In  the  equations 
of  order  ;;(o]  both  s  and  d  are  zero. 

The  obvious  procedure  in  solving  the  system  (10-a'  and  (10-b)  is  to  first  solve  the  differential 
equation  system  (10-a)  for  v,  then  determine  w  through  (10-b),  the  latter  being  a  trivial  step.  In  the 
context  of  the  present  discussion,  we  are  only  interested  in  the  field  components  (eix«eTy'e^z’blx,bly,blz^ 

of  a  propagating  electromagnetic  wave;  hence  other  parameters  (such  as  a  p  , ,o  , ,  and  the  derivatives  of 
e, )  present  in  the  solutions  are  of  only  peripheral  interest.  ,  e 

i 

Work  is  in  prpgress  on  analytical  (WK8-type)  solutions  of  (10-a),  but  this  work  is  not  yet  completed. 

A  great  deal  of  work  has  been  done  by  the  author  and  his  co-worker  Dr.  Vet ma,  some  of  it  alluded  to  in 
previous  papers,  cn  attempts  to  treat  this  class  of  equations  (with  large  A-matrices,  and  6x6  qualifies 
as  "large")  by  direct  step-by-step  integration  procedures  such  as  Rurige-Kutta.  The'c  attempts  led  to 
numerical  instability  problems  and  were  not  successful.  1 

As  a  first  step  in  dealing  with  this  problem,  we  have  reverted  to  a  standard  technique  of  postulating 
a  stratified  medium  with  homogeneous  layers.  In  a  previous  paper  dealing  v;1th  a  three-fluid  gas  (Raemer 
and  Verma,  1970)  the  method  of  solution  was  delineated  and  some  numerical  results  were  reported  for-  the 
eigenvalue  computation,  which  is  the  first  and  most  fundamental  stqp  in  the  numerical  evaluation  of  the 
unknown  parameters. 

To  summarize  the  technique,  the  eigenvalues  of  the  A-matrix  of  (10-a)  are  first  found  numerically. 

This  has  been  done  for  a  wide  range  of  parameter  regimes  characteristic  of  the  Ionosphere.  At  kilohertz 
and  megahertz  frequencies,  the  6  eigenvalues  always  come  out  In  3  pairs  indicating  "upward"  and  corre¬ 
sponding  "downward"  damped  propagation  modes.  These  two  modes  in  any  one  of  these  pairs  are  riot  neces¬ 
sarily  equal  and  opposite  although  they  are  more  nearly  so  as  the  influence  of  the  static,  magnetic  field 
becomes  less  important.  At  low  ionospheric  altitudes,  where  die  plasma  is  more  nearly  collision  dominated 
than  magnetic- field  dominated  (i.e.,  collision  frequency  >>  electron  cyclotron  frequency),  the  up  and 
down  modes  are  close  to  equal. and  opposite. 

Returning  to  the  problem  of  finding  the  solutions  of  II,  we  wpuld  first  solve  (10-a)  with  s  -  0, 
resulting  In  a  set  ot  6  "fundamental  solutions"  Based  on  these  fundamental  solutions  we  would 

construct  a  "state-transition  matrix"  <{.(/, z' )  and  write  the  solution  of  (10-a)  in  the  form: 

z 

v(z)  --  <>(z,z0)  y(z0)  +  f  dz'  l-(z,z')  s(z').  '  1  (11) 
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flu  first,  form  on  tup  right-hand  side  of  (II).  i.n.,  ;(z,z(J)  v(z.,)  '/.on  tains  the  effect  of  .1  high  frequency 
wave  propaga t i nq  without,  the  presence  of  the  low  frequency  wave  disturbance.  It  is  in  effect,  the  solution 
O!1  the  equations  I  in  Section  4,  which  in  turn  will  be  used  to  construct  sfz)  for  solution  of  the  equation 
ft.  boundary  conditions  for  specification  of  v(Zg)  can  be  chosen  as  those  of  an  electromagnetic  wave 
propagating  in  free-space  helow  t.he  ionosphere. 

The  second  term  of  (II)  provides  t.he  response  of  any  field  component.,  e.q.,  Cj  ,  to  the  parameters 
associated  with  the  low  frequency  disturbance.  This  is  a  particularly  useful  Item  of  information  in  the 
context  of  the  problem  of  interest..  To  show  how  the  relationship  comes  about,  we  will  continue  the 
discussion  along  lines  of  determination  of  41(2, z^). 

In  a  typical  case,  the  eigenvalues  come  out  as  follows:  >(,  -\p  v^,  -X?;  \3,  V(;  where  \3  *  \p 

j*  Aji  i.e.,  t.wo  of  the  three  pairs  are  Identical.  In  this  case,  within  one  uniform  stratum, 

takes  the  form 
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where  Cp  C  p  C2,  C  2,  C3,  C  3  are  6x6  matrices  whose  values  depend  or,  their  corresponding  eigenvalues 
and  are  determined  in  a  tedius  but  straight-forward  manner  (Raemer  and  Venna,  1970) . 


It  can  be  shown  that  s  is  a  linear  function  of  the  quantities  fev|p  ^erfjl’  '’'nc,  that  these 
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functions  are  composed  of  terms  proportional  to  products  of  the  form  pa 


Pjk.-z  , 

We  assume  that  quantities  like  0  have  z-dependence  containing  factors  z  s  \ which  would  be  the  case 

If  the  same  sort  of  uniform  stratum  theory  had  been  used  to  obtain  these  quantities,  as  indicated  in 

Section  3).  We  also  note  that  quantities  like  u  are  elements  of  the  column  vector  4>(z,zn)  v^(zn), 

wtiere  y'  '(/)  is  the  column  vector  v(z)  defined  below  eus.  (10-a)  and  (10-b),  but  applying  specifically 
to  the  equations  I  arid  not  to  equations  II.  Denoting  y (1.)  for  the  equation  system  II  by  the  symbol 

y^(z) ,  (11)  takes  the  forni 
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where  in  line  with  the  remarks  above 
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and  where  Is  a  constant  column  vector.  We  now  invoke  (12)  and  observe  that  Sg^(z)  must  be  of  the 

form 


Sg°)(z)  =  e  1  |c,  +  C3zj  +  e  1  |C 


n  A,z  -A ?z 

+  C_3z|  +  e  C2  +  e  C_2, 


(15) 


where  each  Cn  Is  a  column  vector  independent  of  z  whose  precise  form  can  easily  be  computed  from  the 


wnere  ecicn  on  is  a  column  vevcur 

expressions  for  fp]p  ^eZll  etc 


By  carrying  01^ 


the  tediojs  but  straight-forward  integration  indicated  by  (12),  (13),  (14),  and  (IS) 
n  wl 
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where  q  is  a  positive  integer,  zero  in  most  cases  but  possibly  as  hi yh  as  2  or  3  in  others.  Each  such 
exponential  form  will  indicate  the  presence  of  an  electromagnetic  or  electron-acoustic  mode  of  propagation 
and  the  relative  magnitudes  of  the  coefficients  of  these  terms  will  be  a  measure  of  the  relative  magnitudes 
of  these  propagation  modes.  Terms  with  factors 

e(jk*g  *  V  7 

indicate  that  the  presence  of  the  acoustic-gravity  wave  will  introduce  new  modes  of  propagation,  .e., 
actually  change  the  propagation  constant  and  attenuation  of  high-frequency  modes  that  would  be  present 

*\.pZ 

without  the  low  frequency  disturbance,  ierms  with  factors  e  ,  whose  propagation  and  exponential 
attenuation  characteristics  are  not  affected  by  the  low  frequency  disturbance,  are  still  influenced  by  the 
disturbance  in  the  sense  that  the  coefficients  of  these  terms  are  so  influenced. 

6.  COMMUNICATIONS  SVSTEMS  IMPLICATIONS 

Electromagnetic  waves  propagating  in  the  ionosphere  at.  kilohertz  and  megahertz  freouericy  ranges  are 
ordinarily  associated  with  a  communication  link  between  two  points  both  below  the  ionosphere.  In  this 
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case  the  Item  of  greatest  Interest  to  engineers  concerned  with  sut:h  links  Is  the  effective  reflect  Ion  co- 
eff Icier  .  of  the  Ionosphere.  Due  to  the  earth’s  magnetic  field,  the  Ionosphere.  If  ll  were  to  be  con¬ 
sidered  as  a  lossy  medium  with  equivalent  constitutive  parameters  determined  from  simple  magneto Ionic 
theory,  would  be  anisotropic.  Hence  the  reflectivity  properties  would  be  expressed  through  a  matrix  or 
the  form  (where  the  dependence?  on  wave  frequency  Is  explicitly  indicated) 

;  Rw<‘'>  Rr>>; 

«(.,»)  -  i  (lb) 

«vh«***>  Rhh(ui>J 


p  /  i  _  ^vr'11^ 


R  (  \  Ehr(“i> 

Rhv(u>  "  r'T'iT 

V  t 


F.  (■*») 

R  A,)  -  rv-VT 

vh'  fc.  h  !jTw 


r-  f  \  l’hr^^ 
Phh(.)  -  r^(;-T 


and  where  Ey^(«i)  and  E^(iu)  are  vertically  and  horizontally  polarized  components  respectively  of  the  in¬ 
cident  wave  field  and  E  (m)  and  E^r(w)  are  analagous  components  of  the  reflected  wave  field. 

Allowing  both  horizontal  and  vertical  components  of  incident  electric  field,  we  have 

Evrj  !Rvv  Rvh  |Evi 

•  !  0  7) 

_Ehrj  LR  hv  Rhh  _Ehi 


If  the  incident  wave  field  propagates  in  the  x-z  plane,  o.  is  the  angle  of  incidence  (between  the  wave 
vector  and  the  vertical)  and  0  is  the  angle  of  reflection,  then  below  the  ionosphere  (where  subscript  i 
means  incident  and  r  means  reflected),  <*  Eh.,  Exj  =  Eyj  cos  o.,  Ezi  *  -  Ey<  sin  tr ,  Eyr  ■  E^, 

Exr  =  "  Evr  cos  V  Ezr  =  "  Evr  sin  V  kxi  »  ko  sin  V  kyi  "  °*  kzi  3  ko  cos  °i>  kxr  “  ko  sin  V 


kyr  =  °*  kzr 


ko  cos  V 


The  solution  of  the  coupled  differential  equation  system  discussed  in  Sections  4  and  5,  would  yield 
the  following  generic  type  of  results: 

Mz>  “  *41^z,z0^  Ex^z0^  *  f,42^z,z0^  Ey^z0^ 


‘  'k43(z’20>  Ez<z0)  *  *44(z’z0)  Ex(z0> 


+  >45!l*z0J  Ey(z0>  +  UbU'zO] 


where  ♦  is  the  !,m  component  of  a  state-transition  matrix  (STM).  In  the  case  of  the  unperturbed 

ionosphere,  4>(z,Zq)  is  the  STM  indicated  in  the  first  term  of  (13).  In  the  case  where  the  low-frequency 
disturbance  is  present,  the  STM  is  made  up  from  noth  the  first  and  second  terms  of  (13)  with  the  aid  of 
(14)  by  recognizing  that  s„(0)(z)  is  itself  a  sum  of  expressions  involving  elements  of  the  matrix 
4j(z,zq)  viz,,).  Ir.  either  case,  the  STM  would  be  the  end  product  of  an  analysis  like  that  which  has  been 
describe?  in  Sections  4  and  5. 


We  note  that  (17)  gives  us  electric  field  components  within  the  ionosphere  in  terms  of  field-compon¬ 
ents  and  their  z-derivatives  at  a  point  zQ,  which  could  be  a  point  below  the  lower  edge  of  the  ionosphere. 

In  this  case,  the  values  of  the  indicated  components  at  iQ  would  be 


c  ,  ,  ,  p  JkOzO  C0S  ”i  ,  -jkOzO  cos  nr 

Ex  z0  =  (cos  "i  Evi  e  '  Evr  e 
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+  cos  o  E  e 
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Combining  (18)  and  (19),  we  would  obtain  a  set  of  3  Independent  simultaneous  linear  algebraic 
equations  In  the  var1ablesEx(z),  Ey(z),  Ez(z),  Evr>  E^r,  0r>  Eyj,  ,  Oj.  Differentiating  (18)  with 

respect  to  z  and  again  Invoking  (19),  we  obtain  another  set  of  3  equations  In  E'(z),  E'(z)  and  E'(z)  In 

x  y  z 

terms  of  Eyr,  Ehr,  Oj,  £yj,  E^,  9r>  Setting  z  to  a  value  above  the  level  where  reflections  occur  ( 1 , e . . 

where  we  can  assume  a  plane  electromagnetic  wave  whose  wave  vector  has  a  positive  vertical  component  and 

whose  field  components  are  E  E  E  and  Invoking  these  6  equations  obtained  from  equations 

*  j  z 

(18)  and  their  derivatives,  we  will  have  a  set  of  6  equations  in  the  unknowns  (E  v  E  '  E  * 

X  y  z 

Eyr,  Eh).,  or)  in  terms  of  the  known  Incident  wave  fields  Ey1  and  E^  and  the  known  angle  of  Incidence  9^. 
The  elements  of  the  reflectivity  matrix  R(w)  can  be  calculated  from  these  equations. 


Once  we  have  determined  R(oj),  we  have  available  a  convenient  representation  of  a  frequency  response 
matrix  for  a  linear  sy' tern  with  two  possible  inputs  Ey^  and  E^,  producing  two  possible  outputs  Eyr  and 

Ehr-  By  Inverse  Fourler-transformation  of  elements  of  R(w),  we  can  obtain  an  Impulse-response  matrix 

for  the  Ionosphere,  which  might  be  denoted  by  r(t).  One  of  the  effects  of  the  perturbation  due  to  the 
low-frequency  wave  on  R(u>)  or  r(t).  In  addition  to  a  possible  signif  icant  change  i  ,  the  functional  de¬ 
pendence  of  R(oj)  and  r(t)  on  and  t  respectively,  is  to  Introduce  a  slow  time  variation  (a  modulation 
at  the  low  frequency  u^)  into  R(u)*,  in  which  case  it  should  properly  be  represented  as  R(iu;x)  Where  t 

represents  time  in  this  context.  Fourier-transformating  R(oj;t )  with  respect  to  w,  treating  x  as  a  fixed 
parameter,  leads  to  a  slowly-varying  impulse  response  matrix  r(t;x). 


7.  CONCLUSIONS 


The  theory  which  has  been  described  here  has  not  been  carried  to  the  point  of  obtaining  numerical  re¬ 
sults  beyond  the  computation  of  eigenvalues  of  the  system  matrix.  Thus  a  great  deal  of  work  remains  to 
be  done  to  assess  the  effectiveness  of  this  theory  in  predicting  quantitative  effects  of  low  frequency 
disturbances  of  the  acoustic-gravity  wave  type  on  Ionospheric  propagation  of  electromagnetic  waves  in  the 
kilohertz  and  megahertz  range.  It  is  felt  that  the  first  order  effects  of  these  disturbances  should  be 
revealed  by  calculations  based  on  this  model.  There  is  a  possiblity,  of  course,  that  revelation  of  the 
significant  effects  will  require  a  theory  in  whichhhorizontal  spatial  dependence  and  time-dependence  of 
the  ambient  ionospheric  parameters  are  accounted  for  more  rigorously.  The  author  and  one  of  his  graduate 
students  considered  such  a  theory  (Field,  1971),  in  which  calculations  are  based  on  the  method  of  charac¬ 
teristics  and  the  theory  was  applied  to  a  much  simpler  problem.  However,  this  represents  an  entirely 
new  order  of  complexity  for  the  problem  at  hand  and  it  would  be  instructive  to  obtain  information  from 
these  simpler  perturbation  models  before  proceeding  to  the  more  rigorous  theory. 
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L'auteur  expose  les  risultats  de  simulations,  but  ordinateur,  de  la  direction  d'arrivfe 
de  trajectoires  radio  ionoaphAriques  de  courte  portae,  en  prSa-nce  d'une  perturbation  ionoapheri- 
que  itin£rarrte  d'Schelle  moyenne.  La  representation  analytique  de  cette  perturbation  eat  basee  a 
la  fois  sur  det  observations  r£elles  et  sur  la  thfiorie  det  ondes  de  gravite  atmosphlriques  internes 
Les  r&ultats  des  calculs  port  ant  sur  la  dependence  A  l'Sgard  du  tenps  de  la  direction  d'arrivAe  et 
du  d£placemant  doppler,  telle  qu'on  lea  obsenrerait  d'une  station  au  sol,  rSvAlent  une  bonus  cencor 
dance  qualitative  avec  les  donn£es  observes,  L'auteur  examine,  pour  un  point  situe  a  une  faible  la 
titude  et  pour  un  point  situ€  l  une  latitude  61ev£e,  la  relation  entre  les  variations  de  la  direc¬ 
tion  d' arrives,  telle  qu'ellfc  eat  donr.fe  par  les  calculs,  et  certaines  caracteristiques  du  module 
de  perturbation  ionosph£rique  itinerants,  qui  sent  responsablea  de  ces  variations, 

II  tvalue  1'exactitude  d'un  modile  g£ota£trique  simple  propose  pour  la  correction  de  pente 
de  la  direction  apparente  d'airivfe,  II  uontre  comment  l'or.  peut  am£liorer  conoiderablement  les  r£- 
sultats  incertains  obtenus  A  I'aide  de  ce  module  en  tenant  compte  de  1*  direction  de  la  vitesBe  de 
propagation  et  de  l'tehelle  de  la  perturbation  iouospbtri  que  itinerants,  paraaStres  d£duits  d'une 
observation  continue  dans  den  stations  espac6es. 
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flam 

This  paper  report*  tho  result*  of  a  computer  simulation  of  th#  direotion  of  arrival  of  abort  range 
ionoapbario  radio  raj  path*  1*  th*  presence  of  a  madiis  seal*  travailing  ionoaphario  disturbsno*  (TID) . 

Th*  analytical  ropraaantation  of  th*  TID  ia  baaad  both  on  aotual  obaorrationa  of  auoh  diaturbanoaa  and 
upon  tha  theory  of  internal  etmcdpherio  gravity  aavaa.  Computed  raaulta  of  tha  tine  dependent!*  of 
direotion  of  arrival  and  dopplar  shift,  auoh  aa  would  ba  obaarrad  at  a  ground-baaad  station,  ahow  good 
qualitative  agra— »nt  with  observation* .  Tha  ralationahlp  b«tw*a&  th*  ooaputod  direotion  of  arrival 
variation*  and  oar  tain  oharaotariatioc  of  tha  TID  nodal  that  produoad  than  ia  exanlned  at  a  low  latitude 
and  at  a  high  latitude  location. 

The  aoourecy  of  a  a lap! a  geometrical  nodal  that  ha*  been  propoaed  for  tilt  oorreotion  of  apparent 
direotion  of  arrival  ia  evaluated.  It  ia  ahown  how  tha  uncertain  result*  derived  fro*  uae  of  thla  nodal 
nay  be  substantially  lap roved  by  taking  into  aooount  tha  direotion  of  travel,  velocity  and  aoale  of  the 
TID,  these  paraaetera  being  derived  by  oontinuoua  obaervation  at  apaoed  atationa. 

1 .  INTRODUCTION 

Measurements  of  the  direotion  of  arrival  of  radio  aignala  reflected  from  tha  F  region  by  Bromley 
and  Hose  (1951)  and  Brenley  (1953)  formed  one  uf  the  early  Method*  of  detecting  and  studying  travelling 
ionoapbario  diaturbanoaa.  These  author*  atudied  th*  direotion  of  arrival  variation*  on  an  oblique  path 
(length  a  700  kn)  and  also  near  vertical  incidence.  They  found  that  tha  firat  order  F  echo  typically 
exhibits  both  rapid  (second  to  second)  and  alow  ohangea  of  direotion  fro*  a  quaal-period  of  a  few  minutes 
to  more  than  half  an  hour.  They  concluded  that  the  F  layer  could  be  regarded  aa  tilted  in  a  random  manner 
with  an  r.a.a.  tilt  magnitude  of  a  few  degree*. 

The  horizontal  velocity  of  th*  diaturbanoaa  waa  measured  by  th*  usual  teohniqu*  of  having 
separated  receiving  sites  and  Measuring  time  delays  between  corresponding  events.  Th*  results  were  said 
to  be  consistent  with  the  passage  through  the  F  region  of  ooupreaaional  waves  of  a  wave-length  of  several 
hundred  kilometres  and  of  a  velocity  of  order  5-10  kilometres  a  minute.  Measurements  Made  on  two  days 
suggested  that  the  observed  alow  tilts  of  th*  reflecting  region  were  un correlated  at  points  separated 
horizontally  by  about  50  Sm. 

Aa  far  as  the  rapid  second  to  aeoond  fluctuations  In  direction  of  arrival  were  oonoerned, 

Bromley  (1955)  was  able  to  ahow  that  a  layer  of  irregular  ionisation  density  within  th*  5  region  oapablw 
of  producing  a  phase  path  variation  of  only  3  metres  at  a  frequency  of  5  MHs  oould  aooount  for  the  quiet 
F  layer  fast  tilt  component.  Aa  would  be  expected  the**  fast  fluctuation*  were  found  to  be  unoorrelated 
at  an  interval  of  a  few  aeoonde  and  observation*  at  atationa  27  k»  apart  showed  aero  correlation. 

Similar  observations  of  tilt  hava  been  observed  in  South  Australia  by  Treharne  at.  al.  (1969;  and 
also  near  tha  magnetic  dip  equator  (Trehame  1972).  During  th*  day-time  obaervation  of  equatorial  tilts 
is  made  difficult  by  the  presence  of  E  region  irregularities,  however,  for  the  dnylight  hours  (at  least 
during  March  and  April)  there  seemed  to  bo  a  systematic  tendency  for  th*  tilt  veotor  to  lie  toward*  the 
east.  At  aunaat  the  tilt  veotor  moved  toward*  the  neat.  At  night,  in  the  absence  of  spread  F,  vary  large 
semis  slowly  varying  tilts  ware  observed;  these  tilts  also  included  medium  and  small  scale  variations. 

Travailing  ionospheric  disturbance*  (TIDay  have  of  oourso  been  studied  by  many  methods  ranging 
through  obaervation*  of  direotion  of  arrival,  group  path  and  critical  frequency  variations,  long  period 
amplitude  variations,  ti.f .  ground  baoksoatter  and  phase  path  and  frequency  variations  among  others. 
Significant  contribution*  to  their  study  hava  been  made  by  Bramley  and  Ross  (1951),  Hunro  (1950,  1956), 
Valvar da  (1958),  Tveten  (1961),  Chan  and  Villard  (1962),  Ueorges  (1967),  Davis  and  da  Rosa  (1969),  Davie* 
and  Jones  (1970)  end  Sterling,  Hook*  and  Cohen  (1971)  and  in  reient  years  it  hat  been  shown  that  there  is 
quantitative  agreement  between  many  observed  characteristics  of  TIPs  and  thosa  expected  theoretically  from 
tha  interaction  of  the  ionosphere  and  internal  atmospherio  gravity  waves  gaosrated  below  the  ionosphere 
by  same  disturbing  eeohanlsm  In  the  lower  atmcaphfe'* . 

Tt  appears  that  the  anergr  from  auoh  a  disturbance  in  the  lower  atmosphere  oan  be  thought  of  as 
being  duoted  horizontally  along  the  meeoaphsre  with  a  certain  fraction  of  the  energy  leaking  continually 
up  nerds.  Atmospharlo  wave  motions  reaching  the  F  region  would  then  typically  have  period#  between  a  few 
minutes  and  an  hour  and  would  couple  into  the  ionisation  by  means  of  neutral  -  ion  collision*  thus 
perturbing  tha  ionited  portion  of  th*  atmoephare.  In  th*  F  region  the  ion  -  neutral  collision  fmquenoy 
ta  much  teas  than  th*  ion  gyro-frequency  sc  tha  bulk  notion  of  th*  ion s  i*  oons trained  to  be  along  the 
Ureotlon  cf  th*  Earth's  magnetic  field.  Coulomb  force*  would  requtreuoorreaponding  changes  in  th*  electron 
density. 

It  is  apparent  then  that  th*  redistribution  of  ionisation  eiiioh  aooompanies  th*  passage  of  an 
internal  atmospharlo  gravity  wave  is  strongly'  lrflu*no*d  by  tha  magnetic  field  orientation  to  th* 
trajeotorics  of  the  neutral  particle*.  In  particular  at  low  latitude*  Hooke  (1970)  haa  *hown  that  moat 
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Httvti  observed  by  means  of  F  ration  electron  oonoentration  perturbation*  oan  be  sxpeoted  to  ba  propagating 
meridionally  sinus  tha  ionisation,  which  la  constrained  to  remain  alone  tho  fiald  lines,  responds  vary 
poorly  to  waves  propagating  aoroaa  tha  field  linaa  at  these  latitudes. 

Sinoe  ionosphario  actions  impose  liaitationa  on  tha  aoouraoy  of  radio  -  looation  ays  teas,  in  the 
last  five  years  or  so  techniques  for  oorreoting  apparent  diraotlon  of  arrival  where  the  ionosphere  waa 
known  to  ba  perturbed,  have  been  developed.  The  limitation  on  accuracy  ia  particularly  severe  at  short 
ranges  ( IOC  kaj  where  asimithal  deviations  of  a  fixed  remote  transmitter  oan  be  ss  large  as  100  Jegreua 
or  more. 


Proceeding  from  the  work  of  Bremley  and  Rosa  (1951)  *  simple  plane-tilted  ionosphere  model  has 
bean  applied  in  such  a  manner  that  the  apparent  direction  of  arrival  of  a  fixed  transmitter  oan  be 
oorreoted  for  scoot  ding  to  both  the  prevailing  direction  and  magnitude  of  tha  tilt  vector  normal  to  the 
overhead  ionosphere  and  to  the  ionosphario  height.  This  technique  has  been  applied  by  Treharna  and  his 
colleagues  in  Australia  in  1967  and  more  recently  by  Johnson,  Martin  and  Green  (1971)*  Results  in  general 
have  been  conflicting,  being  often  good  but  sometimes  very  bad.  Effort  has  besn  expended  in  automating 
equipment  so  that  apparent  ionosphario  tilts  oan  ba  measured  more  quickly  and  therefore  more  closely  in 
time  to  the  measurements  made  on  the  rasmte  transmitter.  (Unfortunately  a  corresponding  amount  of  effort 
has  not  been  forthcoming  oonoernlng  the  simple  ionosphere  model  and  ita  inevitable  limitations.)  The 
author  ia  oonvlnoed  that  the  present  oooasional  unreliability  of  the  tilt-oorreotion  d.f.  method  is 
largely  due  to  inadequacies  of  tha  ionosphere  modal  resulting  direotly  from  insufficient  understanding  of 
the  nature  of  the  ionosphario  disturbances  perturbing  the  direotion  of  arrival  measurements. 

It  is  the  purpose  of  this  paper  to  present  tha  results  of  a  oomputar  simulation  study  of  tho 
direotion  of  arrival  of  short  range  (loss  than  100  km)  radio  ray  paths  in  tha  preamnos  of  a  typical  medium 
scale  travelling  disturbance.  We  shall  employ  an  analytical  representation  of  a  TIC  developed  by  Georges 
and  Stephenson  (1969),  the  representation  being  based  on  actual  obaarvationa  suoh  as  thoso  of  Munro  (1990, 
1?58;  and  also  upon  tha  theory  of  Internal  gravity  waves  (Hines,  i960) . 

Computed  results  of  the  time  dependence  of  direotion  of  arrival  variations  and  of  doppler  shift 
will  be  compared  with  ground-based  observations  of  these  quantities  in  order  to  establish  the  quality  of 
the  simulated  TIT.  The  relationship  between  direotion  of  arrival  variations  and  certain  characteristics 
of  tha  TXD  producing  them  will  be  examined  at  a  low  latitude  and  at  a  middle  latitude  site.  Hie  aoouraoy 
of  the  simple  geometrical  modal  that  hat  been  used  for  tilt  serreotioa  of  apparent  directions  of  arrival 
will  be  evaluated.  It  will  be  shown  bow  knowledge  of  tha  direotion  of  travel,  velocity  and  soale  of  the 
TID,  suoh  aa  oan  be  aoqulred  by  measurement  with  spaoed  stations,  oan  be  used  to  improve  the  tilt  oorreotion 
prooeas. 

2.  THE  MODEL  DISTURBANCE  AND  RAY  TRACING  TECHNIQUE 


The  F  region  electron  concentration,  N,  at  a  given  time  and  place,  ia  represented  by 
N  -  Ho  (r,  9,  *).(1  v  JS) 

where  N  (r,  a,  fi)  is  a  ooncentrlo  «  -  Chapman  layer  whose  parameters  have  been  chosen  to  represent  a 
daytime  r  layer,  and  where  p  is  a  perturbation  to  tha  conoontrio  model. 


The  «  -  Chapman  layer  oan  be  expressed  thus  i 


f  1 
N 


f0*.  «P  1/2  (l 


s  -  sxp(-s)  ) 


where  fN  is  the  plasma  frequency  and  s  is  the  reduoed  soale  height  which  Is  given  by  (h  -  h  )/H. 
the  height  above  ground,  fQ  is  the  critical  frequency  of  the  layer  and  H  ia  the  seal*  height1.1 

The  perturbation  p  is  given  by  ,  .  /  . 

p  m  8exp-{^(R-R0“*0)HyJ .oo*2v  (t'  +  (w/2  -  »)»,/%  ♦  (R-R0)Aj 
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where  Rq  is  the  radius  of  tha  earth 

r,  B,  fi  are  tho  spherioai  (aarth-oontrsd)  polar  coordinates 
s  is  the  height  of  maximum  wave  amplitude 
H9  is  the  wave  amplitude  'soale  height' 

<  is  the  wave  par  turbot  ion  amplitude 
A  and  A  are  the  horlsontal  and.  vortical  wavelengths 
t*  is  tha  ties  in  wava  periods 


The  numerical  parameters  chosen  correspond  to  one  of  the  models  used  previously  by  Gecrgss  and  Stephenson 
(1969)  and  are  as  follows  1  f  ■=  6.9  MHa,  H  ■  62  km,  h  r  300  km,  s  ■  230  km,  K'  »  100  km,  6  m  O.15 
w  300  km,  Ag  -  100  km  0 

Tha  three-dimsaiBional  time-varying  model  represents  a  TID  originating  at  the  north  geoaisgnetio 
pole  and  travelling  towards  the  south.  It  is  thus  considered  to  be  typioal  of  TID a  observed  during  periods 
of  low  magoetlo  activity  during  a  northern  hemisphere  winter  and  a  southern  hemisphere  summer  (see  for 
example  Munro,  1938).  The  perturbed  plasms  frequency  oontours  are  illustrated  in  figure  1  which  shown  a 
north-south  section. 


In  order  to  ascertain  the  direotion  of  arrival  from  a  given  fixed  transmitter  in  the  presenoe  of 
the  TID,  and  aa  a  function  of  time  a*  the  TID  passes  overhead,  we  shall  employ  a  three-dimensional  ray-traoing 
program  developed  by  Jones  ( 1966} .  This  program  calculates  ray  path  parameter*  by  numerical  integration  of 
a  set  of  differential  aquations  which  dsfino  the  looua  of  the  ray  path  and  the  components  of  the  wave  normal 
direotion  as  the  ray  progresses  through  the  ionosphere.  Tho  phase  and  group  refraotive  indioes  needed  for 
evaluating  the  differential  aquations  are  calculated  with  the  Apple tcn-Uar tree  equation  from  the  ionospheric 
models  specified  by  the  user. 
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The  rsy-traoiDg  program  allowa  inclusion  of  a  representation  of  ttw  earth'*  magnetio  field  and 
an  earth-oentred  dipole  model  with  the  north  pole  located  at  76.5°N,  291  2  geographic  coordinate*  ha*  been 
used  here.  The  effeot  of  inoluding  collision*  in  the  calculation  of  the  F  region  ray  path*  ha*  been 
examined  and  found  to  be  negligible.  Thu  exoluaion  of  oolllaion*  reduo**  the  computer  execution  the*  by  a 
factor  of  five  for  a  single  ray.  The  aoouraoy  of  the  ray-traoo  program  is  known  to  be  high  (Lemanaki,  1966). 
(The  major  error  parameter  *42  was  set  equal  to  10“®). 

3.  APPARBNT  DIRECTION  OF  ARRIVAL 

Let  us  first  examine  the  apparent  fluctuation*  in  position  of  a  number  of  fixed  short  range 
transmitter*  at  two  geographical  location*  having  quite  different  magnetic  dip*.  We  shall  use  the  seat* 
model  TID  at  both  looationa  and  shall  simulate  motion  of  the  TXD  overhead  by  stepping  the  parameter  t'  of 
seotion  2  et  intervela  between  0  and  1.  For  each  value  of  t 1  we  shall  compute  the  ray  path*  Joining  the 
looation  of  a  given  transmitter  with  the  point  of  observation.  We  may  imagine  that  we  are  located  at  the 
point  of  observation  and  are  equipped  with  an  intsrfa roam  ter  with  whioh  we  can  measure  the  apparent 
dlreotion  of  arrival,  both  in  elevation  and  in  aaimuth.  We  note  here  that  these  parameters,  together 
with  the  frequency  of  the  transmission,  are  the  only  quantities  relevant  to  the  remote  transmission  that 
would  normally  be  measured  at  the  point  of  observation  during  the  prooeas  of  radio  direot lon-finding. 

We  can  think  of  eaoh  downoooing  ray  from  the  F  region  at  having  undergone  a  speoular  refleotion 
from  e  plane  refleotor  situated  at  a  height  h'  and  parallel,  to  the  earth's  surface.  We  can  measure  h'  at 
a  given  instant  in  time  and  at  the  appropriate  frequency  with  the  aid  of  a  vertical  ionoaonde  located  dose 
to  the  interferometer.  In  these  olroumstanu«s  the  apparent  ground  rang*,  d,  will  be  numerically  equal  to 
2h'/tan&*  where  A'  ie  the  apparent  elevation  angle  of  arrival  of  the  downooming  ray  and  where  the  bearing 
of  the  transmitter  will  be  equal  to  the  apparent  bearing,  $>' , 

We  give  in  figure*  2  and  3  the  apparent  locations  of  three  transmitter*  as  a  function  of  t*  whioh 
represents  the  passage  of  the  disturbance  overhead.  The  true  fixed  locations  of  the  transmitters  are 
indioated  by  the  cross  in  eaoh  oase.  The  variation  of  apparent  looatlons  as  a  funotion  of  t'  is  in  every 
oase  very  severe  but  is  typiool  of  that  observed  experimentally.  It  is  obvious  that  accurate  d.f.  would 
be  impassible  unless  the  distortion  or  'tilt*  of  the  reflecting  F  layer  due  tc  the  passage  of  the  TID,  oould 
be  accounted  for  in  some  manner. 

We  wish  to  draw  attention  to  one  important  feature  oooson  to  both  figures  2  and  3*  In  eaoh  oase 
the  bearing  deviations  are  in  a  dlreotion  parallel  to  the  dlreotion  of  travel  of  the  TID;  thus  in  the  low 
latitude  case  (figure  2)  the  TID  looks  as  though  it  is  arriving  from  roughly  geographic  north  and  the 
bearing  deviations  lie  along  the  north-south  direction.  In  the  middle  latitude  cage  the  receiver  looation 
is  such  that  the  TID  originating  at  the  geomagnetic  pole  seems  to  come  from  about  8  E  of  north  and  again 
the  bearing  deviations  are  parallel  to  this  dlreotion.  (In  praotioo  the  sense  of  dlreotion  of  travel  of 
the  disturbance  would  need  to  be  determined.) 

3.1  Dlreotion  of  overhead  ionoapherio  tilt  veotor: 

A  simple  way  of  determining  the  shape  end  scale  of  the  distorted  F  region  is  to  measure  the 
dlreotion  of  arrival  of  the  return  pulae  from  a  transmitter  located  close  to  the  origin.  The  leading  edge 
of  the  first  return  pulse  should  correspond  to  a  ray  bundle  arriving  from  a  dlreotion  roughly  perpendioular 
to  the  tilted  layer.  The  tilt  veotor  will  of  oourae  vary  in  magnitude  and  dlreotion  as  the  disturbance 
passes  overhead.  Again  the  average  tilt  vector  will  lie  in  the  dlreotion  of  travel  of  the  TXD.  Wo  give 
in  figure  4  the  'observed'  magnitude  of  the  reflecting  F  region  tilt  as  a  funotion  of  time  and  spaoe.  We 
arbitrarily  define  the  tilt  aa  being  positive  whan  the  point  of  intersection  of  the  tilt  veotor  and  the 
ground  is  deviated  northward*  of  the  origin  and  we  define  the  tilt  angle,  » ,  as  the  angle  between  the  tilt 
veotor  and  the  senith,  that  is  the  oomplement  of  the  angle  at  which  the  tilt  veotor  strikes  the  ground. 

The  'observed'  tilt  is  very  similar  at  both  looationa.  The  spatial  scale  of  the  tilt  is  fixed 
by  the  assumed  model  as  indioated  but  the  time  scale  is  in  a  sense  arbitrary  because  we  have  not  vet  had 
to  specify  a  valooity  for  the  disturbance.  If  we  assume  that  the  velooity  is  10  la^/min.  then  we  have  a 
horizontal  period  of  30  minutes  whioh  is  reasonable  and  approaches  the  upper  limit  of  what  might  be 
termed  a  medium  soel*  TID.  We  see  from  figure  4  that  even  with  a  horizontal  wavelength  of  300  km  the  rate 
of  change  of  tilt  with  distanoo  from  the  origin  can  be  as  muoh  as  one  degree  in  5  km  This  rate  of  change 
ie  obviously  associated  with  the  shape  and  scale  of  the  reflecting  surfaoe,  that  is  roughly,  at  a  fixed 
operating  frequency,  the  shape  of  the  appropriate  plasma  frequency  contour.  W*  indioate  schematically  in 
figure  5  the  relation  between  the  distortion  of  the  plasma  frequency  contour  and  the  observed  tilt.  The 
vertloal  soars  of  the  plasma  frequency  oontour  has  been  exaggerated  but  the  asymmetry  evident  is  typical, 
as  oan  be  seen  by  inspection  of  figure  1 . 

4.  COMPARISON  WITH  tlXPERIMHIT 

Before  proceeding  to  an  evaluation  of  the  simple  plane  tilted  ionosphere  model  currently  in  use 
in  short-range  direction-finding  work  w*  wish  to  establish  the  quality  of  the  simulation  of  the  TID.  To 
this  end  we  oempare  observable  quantities,  derived  synthetically  by  ray-tracing  the  TID,  with  typical 
experimental  observations  of  these  quantities, 

W*  consider  first  the  deppler  shift  associated  with  the  passage  of  the  disturbance  overhead . 

Davies  and  Jones  (1971)  have  oonduoted  a  series  of  experiments  using  the  deppler  technique  to  Investigate 
medium  soale  TIDs.  We  give  below  an  example  ol'  a  simulation  of  their  doppler  reoords  pertaining  to  a 
middle  latltudo  aite  near  Boulder,  ll.fl.A.  W*  give  in  figure  6  the  derived  doppler  shift  appropriate  to  a 
55  km  path  at  roughly  90  to  the  dlreotion  of  travel  of  a  disturbance,  together  with  the  derived  doppler 
appropriate  to  vertloal  incidence.  These  records  may  be  oompared  with  a  traolng  of  a  typiool  doppler 
reoord  observed  on  one  25  km  leg  of  their  spaced  receiver  doppler  experiment.  The  similarity  is  obvious 
and  the  interested  reader  will  find  in  refersno*  8  many  other  dopplar  reoords  of  disturbances  displaying 
the  typloal  features  seen  here. 
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It  will  te  noticed  that  u  with  the  tilt  angle  simulation  the  na/MMtrlo  wsvefer*  acaaa  to  bo 
typiasl  of  thoae  TIJDa.  In  aoa*  oirouaatanoma  thia  asymmetry  oan  bo  uaad  to  datarnlna  tha  aanaa  of 
direction  of  travel  of  the  TXD.  It  is  perhaps  not  surprising  that  the  tilt  angle  and  doppler  records 
display  similar  features  alnoe  it  oan  be  shown  analytically  that  there  is  a  very  olose  relationship 
between  these  two  variables  (Bennett,  1970) . 

Let  us  now  Caspars  the  overhead  tilt  anglo  derived  as  a  function  of  tine  froii  the  simulated  TIL 
ray  tracing  with  sons  experimental  results  taken  from  Johnson,  Martin  and  Green  (1971).  We  give  in  figure 
7  their  observed  tjlt  angle  plotted  in  polar  form.  Clearly  the  mean  direction  of  travel  of  the  TXD  is 
along  a  bearing  25  west  of  north.  In  figure  8a  w*  plot  this  time  series  of  tilt  angle  without  regard  to 
sign  of  the  tilt.  Thia  Banner  of  presentation  is  ooamon  but  in  a  sense  misleading,  because  it  tends  to 
indioats  quasi-periodicities  roughly  ons  half  that  of  the  true  period  of  the  TXD.  The  oorreot  way  to 
establish  periodicity  fron  tilt  angle  measurements  is  first  to  establish  the  direction  of  travel  of  the 
TID  with  respsot  to  the  origin  and  then  to  assign  positive  or  negative  signs  to  the  observed  tilts 
aooording  to  whether  they  are  forward  or  backward  of  a  line  drawn  at  90°  to  the  TID  direotion  of  travel, 
figure  8b  illustrates  the  result  of  applying  this  procedure.  Thu  negative  tilts  ore  no  longer  folded 
back  onto  the  positive  axis  and  tha  true  periodioity  of  tha  TID  is  apparent.  Figure  8o  indicates  the 
situ!* ted  noise-free  tilt  observations  derived  from  the  TID  ray-tntoing.  There  are  obvious  similarities. 

5.  SIMPLE  TILT  CQHfiBCTION  MODEL 

We  wish  now  to  consider  the  simple  tilt  oorreotion  model  mentioned  previously.  Figure  9 
illustrates  the  prinoiple  of  the  method.  The  ionosphere  overhead  ut  an  instant  in  time  ia  assumed  to  be 
tilted  through  an  angle  *  from  the  horisontal.  It  is  further  a  a  suited  that  the  instantaneous  magnitude  end 
direotion  of  the  normal  vector  to  tho  ionosphere  can  be  measured  at  the  origin,  C,  by  measuring  the 
direotion  of  arrival  (d^,  of  the  return  pulse  from  a  transmitter  located  at,  or  very  near,  C. 

The  tilt  veotor  at  D  ia  assumad  to  ba  tha  same  as  that  at  C.  For  small  angles  tho  differenoe  in 
height  h'  at  C  and  D  is  considered  negligible  in  the  range  -  bearing  calculation.  The  ray  from  the 
transmitter  at  A  Is  assumed  to  undergo  a  apsoular  reflection  at  the  tilted  ionosphere  at  height  h'  ooe*, 
which  is  again  essentially  h'.  The  effect  of  a  small  difference  Ah*  upon  the  position  of  a  downooming 
ray  at  C  oan  be  shown  to  be  negligible  compared  to  the  changes  in  position  due  to  the  measured  differences 
in  tilt  angle  « . 

The  simple  geomatrioal  solutions  for  range  and  bearing  are  given  in  Appendix  1.  Note  that  the 
tilt  veotor  and  the  ray  path  are  ooplsnsr  and  that  the  only  observable  quantities  at  C  ore  the  quantities 
h'.  A',  /O',  and  At,  j^. 

Let  us  consider  tha  effect  of  using  the  synthesised  tilt  measurement  (figure  A  gives  e(t),  and 
0(t)  a  0  )  to  oorreot  the  apparent  directions  of  arrival  corresponding  to  low  latitude  results  given  in 
figure  2.  The  equations  of  Appendix  1  have  been  used  to  oaloulate  the  true  ranges  and  bearings  as  a 
function  of  t'  and  these  results  ere  agown  in  figure  10.  Note  that  an  additional  transmitter  has  been 
added  at  distance  45  km  and  bearing  10  .  When  similar  calculations  are  also  mads  for  the  middle  latitude 
site  it  is  apparent  that  both  aites  display  essentially  similar  oharsoteristios  which  are  entirely 
consistent  with  praotioal  experlenoeai 

(a)  instantaneous  position  estimates  oan  bs  either  good  or  very  bad  and  are  about  equally 
distributed.  Bad  results  ere  not  transient  in  time  sinoe  they  oan  oocur  for  up  to  half  a  period 
(10-15  minutes). 

(b)  the  range  of  the  mean  position,  derived  from  consolidation  of  a  series  of  measurements 
spread  over  one  or  two  periods  of  the  disturbance,  always  exoeeda  the  true  position.  This  differenoe 
is  small  when  propagation  is  in  the  east-west  direotion  but  becomes  progressively  larger  ss  the 
sslmuth  of  propagation  approaches  the  aagjvetio  meridian. 

Experience  gained  with  ray- tracing  various  model  disturbances  makes  it  dear  that  the  two  effects 
mentioned  above  are  directly  related  to  two  systematic  errors  made  in  epplioation  of  the  simple  tilted 
ionosphere  model.  The  first  error  is  essentially  geometrical  and  arises  from  the  fsot  that  tha  effective 
tilt  st  an  ionoapherio  reflection  point  up  to  50  km  away  free  the  origin  in  assumed  to  be  tha  same  as  that 
measured  st  the  origin  at  that  instant  in  time.  Figure  4  (or  5)  shows  very  clearly  the  inadequacy  of  thia 
assumption  nines  it  is  olear  that  the  spatial  correlation  between  a  tilt  measured  at  the  origin  and  one 
that  is  effective  distance  d  from  the  origin  is  not  in  general  s  constant  for  a  given  diatanoe.  Thue  an 
interferometer  situated  arbitrarily  at  d  «  150  km  (figure  4)  would  measure  a  tilt  which  is  almost  oonstant 
(iJ.5  )  for  all  distances  from  80  -  160  km  along  too  north-south  direotion,  but  which  is  substantially 
different  from  that  between  160  and  24 0  km  along  the  seme  direotion. 

The  ieoionio  contours  associated  with  a  travelling  disturbance  are  oorrugated  along  the  direotion 
of  travel  of  the  disturbance  and  this  corrugated  struojure  is  for  all  practical  purposes  maintained  for  a 
diatanoe  greetly  exceeding  100  km  along  a  direotion  90  to  the  direotion  of  travel.  In  other  words,  a  tilt 
measurement  at  the  origin  oan  be  expected  to  be  essentially  oonstant  with  diatanoe  only  along  a  line  passing 
through  the  origin  and  having  direotion  approximately  90°  to  the  direotion  of  travel  of  the  TID, 

In  the  oiroumstauoes  indioated  above  it  is  obvious  that  all  direotion  of  arrival  observations 
should  not  be  treated  as  being  of  equal  weight  when  the  simple  tilt  oorreotion  method  is  applied. 

Greatest  weight  should  be  attached  to  obaervations  whose  apparent  bearings  lie  at  about  90°  to  the  TID 
direotion  and  whioh  oocur  at  times  when  tho  ionosphere  tilt  is  small.  Conversely  least  weight  should  be 
attached  to  ooservationa  oocurriug  at  times  when  large  tilt  angles  ^ oinoide  with  apparent  directions  of 
arrival  whioh  lie  along  the  TIP  direotion  beoause  the  x-ato  of  change  of  effeotive  tilt  with  distance  is 
then  greatest. 

The  aeoond  systematic  error  ivhioh  we  have  mentioned,  namely  the  over-eatLmation  of  range  in 
oonaoli'lated  measurements,  appears  to  be  due  to  negleot  of  the  effeot  of  the  earth's  magnetic  field  upon 
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the  ray  path  geometry.  Saar  vertical  inoidaoo#  the  ordinary  ray  path  at  the  apogee  la  essentially 
quasi-transverse  (tcatoliffe,  1959)  and  tha  ray  tands  to  make  an  angle  of  90°  with  tha  direction  of  the 
magrie'tio  field  veotor.  This  laada  to  a  distortion  of  the  ray  path  which  in  tha  Uniting  oaaa  ia  referred 
to  aa  a  ’spitae’.  This  ray  path  distortion  laada  to  tha  ground  range  aaaooiatad  with  a  given  high  elevation 
angle  being  axtraaaly  aaimuth  dependant.  In  figure  12  we  indioata  tha  paroantaga  range  error  assooiateg 
with  nggleot  of  tha  Earth's  nagcatio  fiald  for  abort  range  ray  path*  having  elevation  angles  between  80 
and  90  and  atiiautha  of  traneal  as  it  a  between  0°  and  180°.  We  define  tha  triangulation  range,  d,  in  a 
oonoentrio  ionosphere  to  be  given  by  2h'/t*n  A '  and  wa  oonpare  this  with  the  actual  range  an  deduced  from 
tha  oblique  ray  tr»«<-<,  ia  oan  ba  aeon  tha  range  errors  arising  from  negleot  of  the  nagnetio  field  affeoi 
oan  ba  considerable.,  rising  to  25 #  at  the  dip  equator  for  raya  propagating  along  the  neridiaa.  Errors 
deoreaeo  rapidly  with  increasing  dip  anfile  but  s  10J{  srror  ia  still  possible  at  a  dip  angle  of  50° .  Range 
errors  along  tha  east-west  direction  are  in  general  less  than  6 f>  at  all  dip  anglas. 

6.  XMP&OVEKBTT  OF  THE  SIMPLE  TILT  CORRECTION  MODEL 

We  now  consider  the  way  in  whioh  knowledge  of  the  direction  of  travel,  Telooity  and  aoale  of  the 
TIL,  suoh  as  oan  be  acquired  by  oontinuoua  observations  with  spaced  stations,  oan  be  used  to  improve  the 
tilt  oorreotion  process. 

Let  us  begin  by  assuming  that  we  have  been  able,  by  oontinuoua  observation,  to  measure  tha 
•agpitude  and  diraotion  of  the  overhead  tilt  vector  at  tha  origin.  Let  us  suppose  that  while  continuing 
to  observe  the  tilt  vector  we  also  observe  the  direotlon  of  arrival  of  rays  fro*  an  unknown  remote 
trensm.it ter.  Our  problea  is  firstly  to  determine,  from  tha  apparent  eiinuth  and  elevation  angles  of  the 
unknown  transmitter,  the  veotor  joining  the  origin  and  the  remote  reflection  point.  This  is  given  simply 
by  equation  3  in  Appendix  1 .  Having  established  the  direotlon  of  motion  of  the  TID  from  the  tilt  veotor 
measurements  we  then  take  the  oooponent  of  the  origin- to-re fleet ion-point  veotor  that  lies  in  the  diraotion 
of  travel  of  the  TID,  that  ia,  we  oaloulatw  the  nagnitude  of  BC.oos(^p^  -  0’ )  where  •St,ID  is  the  direotlon 
of  travel  of  the  TID.  Since  we  have  observed  tha  tilt  aa  a  function  1Jof  tine  we  oan1  'construct  (and 
continuously  update)  the  « ( t)  reoord  of  figure  4.  Knowledge  of  the  velocity  of  the  TID,  determined  fron 
the  time  displacements  relating  to  a  oommon  event  (perhaps  the  large  negative  tilt  perk)  observed  at  the 
3  spaoed  stations,  will  enabla  the  time  scale  to  be  supplemented  by  a  distance  aoale.  Now  in  order  to 
determine  the  effective  tilt  at  the  remote  reflection  point  at  a  given  time  we  need  only  progreas  from  the 
point  on  the  distance  aoale  corresponding  to  the  tilt  measured  at  the  origin,  a  distance  BC.oos($-  -  0') 
in  the  appropriate  direotlon  along  the  aoale  whioh  will  then  indicate  the  required  tilt. 

Aa  we  have  pointed  out  before  when  the  apparent  aslmuth  0'  is  about  90°  to  the  direotlon  of 
travel  of  tha  TID  the  tilt  observed  at  tha  origin  will  be  the  same  as  that  observed  at  the  remote  reflection 
point.  When,  however,  0'  ia  along  the  direction  of  travel  of  the  TID  then  tha  tilt  at  the  remote  reflection 
point  sii/  be  very  substantially  different  from  that  at  the  origin.  If  the  general  oonoept  of  the  simple 
plane  tilted  ionosphere  model  is  retained  but  the  tilt  at  a  given  remote  reflection  point  is  oalouiated 
aa  indioated  above  and  this  tilt  is  used  Instead  of  the  tilt  at  the  origin,  the  overall  d.f.  results  oan 
be  ahown  to  be  considerably  better  than  those  given  in  figure  10.  However  this  does  not  seem  to  be  the 
optimum  method  of  using  the  tilt  information.  It  is  olear  that  tha  ionosphere  is  tilted  to  a  varying 
degree  over  the  whole  ionospherio  path  so  various  ways  of  averaging  the  tilt  over  the  path  in  the 
ionosphere  have  been  tested  empirically.  It  has  been  found  that  the  spatial  average  of  the  tilt  measured 
at  the  origin  and  that  measured  at  the  remote  reflection  point  gives  the  moot  oonsistent  and  most  accurate 
answers  when  used  in  the  simple  model. 

Thus  we  give  in  figure  12  the  results  of  reoaloulating  the  points  in  figure  10  but  this  time  using 
the  teohnique  outlined  above.  If  after  consolidation  of  a  number  of  results  extending  over  et  least  one 
wave  period  and  calculation  of  a  mean,  the  systematic  nagnetio  field  oorreotion  is  also  made,  the  moan 
consolidated  answer  la  quite  reliable,  being  normally  within  5%  of  the  true  position.  The  oomputed  bearing 
aooursoy  is  particularly  high,  being  usually  within  2  degrees  of  the  oarreot  bearing  and  often  very  much 
closer  than  this. 

When  the  above  teohnique  is  applied  at  high  dip  latitudes  exoeeding  SO0  or  so,  it  is  oooasionally 
fouud  that  propagation  paths  passing  through  ionospherio  regions  where  the  tilt  is  o hanging  very  rapidly 
will  give  highly  erroneous  results  even  when  the  spatial  average  tilt  method  Is  applied.  This  seems  to  be 
basically  a  ms^netio  field  effeot  since  it  doss  not  seam  to  ooour  at  low  dip  latitudes.  Perhaps  the  large 
lateral  deviation  near  apogee  of  the  ordinary  weve  has  an  effeot  comparable  to  the  tilt  effeot  at  high  dip 
angles.  It  is  in  faot  possible  at  high  dip  latitudes  to  generate  forbidden  xones  suoh  that  no  ray  paths 
oan  exist  between  a  transmitter  and  a  reoeiver  some  tens  of  kilometres  distant.  Under  suoh  conditions  a 
range/ bearing  polar  plot  of  ground  landing  points,  corresponding  to  a  range  of  elevation  angles  at  the 
origin,  can  assume  an  extremely  distorted  appearaooe.  It  should  perhaps  be  pointed  out  that  for  e  plane 
parallel  isotropio  ionosphere  the  locus  of  ground  range  at  a  constant  elevation  angle  Is  a  oirolo  centred 
on  the  origin  (at  least  up  to  a  IOC  km  or  so;.  For  moderate  tiles  at  reasonable  dip  latitudes  these  uiroles 
degenerate  into  ellipses  whose  oeatro  is  off  as t  from  the  origin  as  indioated  in  figure  13.  For  the  high  dip 
angles  mentioned  above  and  for  extreme  tilts,  ths  range  and  bearing  plot  oan  have  tha  appearanoe  of  that  in 
figure  14.  Under  auoh  oonditiona  no  simple  triangulation  model  oan  be  expected  to  give  reliable  d.f.  results. 

7.  CONCLUDING  RSMARE3 

We  have  presented  the  results  of  a  computer  simulation  oi'  the  time  variation  of  direotlon  of 
arrival  of  short  range  ionospherio  radio  ray  paths  in  the  presenoe  of  a  realistio  medium-soale  travelling 
ionospheric  disturbance.  Tha  quality  of  the  simulation  has  been  established  by  oomparicon  of  simulated 
doppler  records  and  reoords  of  the  time  variation  of  ¥  legion  tilt  angles  with  experimental  observations 
ef  these  quantities. 

We  have  examined  by  simulation  the  apparent  aslmuth  deviation  of  a  number  of  fixed  remote 
transmitters  as  the  simulated  TID  passes  overhead.  Thin  study  has  been  carried  out  at  a  low  latitude  aih 
a  middle  latitude  site  and  we  have  listed  that  the  locus  of  the  aslmuth  deviations  always  lies  in  a 
direotlon  parallel  to  that  of  the  motion  of  the  TID.  We  have  pointed  out  that  in  suoh  olroissstanoes 
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instantaneous  cwasuraaenta  of  d.f.  bearings  on  a  remote  transmitter  oonnot  be  considered  to  be  of  equal 
weight.  In  particular  those  bearing  outs  taken  when  the  apparent  direotion  of  arrival  lies  along  the 
direction  of  travel  of  the  TID  are  considered  to  be  of  low  reliability,  whereas  those  taken  when  the 
direction  of  arrival  lies  at  about  90°  to  the  direotion  of  travel  of  the  TID  are  considered  to  be  ol*  high 
reliability  and  this  is  particularly  so  if  the  overhead  tilt  ia  also  less  th«n  2°  0r  ao. 

We  have  related  observed  tins  aeries  of  overhead  tilt  angle  to  the  ohape  and  soale  of  the  TID 
and  have  shown  that  a  oosnon  method  of  presentation  of  tilt  angle  results  underestimates  the  periodioity 
of  the  TID  observed  by  a  faotor  of  roughly  two.  ffe  have  indicated  how  this  may  be  avoided. 

The  aoouraoy  of  a  simple  plane  tilted  ionosphere  model  hi.a  been  evaluated  and  the  synthesised 
results  show  that  the  uncertain  d.f.  results  commonly  seen  in  praotioe  at  short  range  are  mainly  dua  to 
inadequacies  in  the  simple  ionosphere  model.  In  particular  we  have  dravm  attention  to  two  systematic 
errors  arising  in  application  of  this  model.  The  first  essentially  goometrio  error  arises  from  the 
assumption  that  the  instantaneous  overhead  tilt  ia  maintained  for  a  diatanoe  of  about  50  km  from  the 
origin  on  all  azimuths.  The  rate  of  ohango  of  tilt  with  distance  in  the  ireseaoe  of  TID's  has  been  shown 
to  be  strongly  azimuth  sensitive. 

The  second  error  arises  from  neglaot  of  the  effeot  of  the  earth's  magnetic  field  upon  the  iono- 
spherio  ray  paths  and  it  is  shown  that  this  negleot,  which  is  most  severe  at  low  latitudes  and  in  partioul ar 
along  the  direotion  of  the  magnetio  meridian,  can  lead  to  range  errors  (ev in  in  an  unperturbed  ionosphere j 
of  at  least  25J4 

Finally  we  nave  considered  the  manner  in  which  knowledge  of  the  direotion  of  travel,  velocity 
and  soale  of  a  TID,  suah  as  might  be  obtained  by  continuous  observation  with  spaced  stations,  oan  be  used 
to  improve  the  simple  tilted  ionosphere  model.  We  have  been  able  to  demonstrate  a  substantial  improvement 
lu  direotion  finding  when  these  faotors  are  taken  into  aocount.  Nover-the-leas  we  have  also  pointed  out 
that  at  high  dip  latitudes,  short  range  propagation  paths  oan  be  so  distorted  in  the  presence  of  a  TID 
that  for  a  certain  fraotion  of  the  period  of  a  TID  no  simple  model  oan  be  expected  to  ao'  aunt  for  the 
resulting  distorted  large  end  bearing  plots.  An  example  of  this  oiroumstanoe  has  been  given  and  ns  means 
of  ooping  with  it  are  yet  known. 
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APPENDIX  X 

Siamla  plane  tilted  ioaoanhere  aeons  lay  1  (figure  9) 
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Pig.  4  Th*  «agnituda  of  tbs  louoaphare  tilt  »»otor  &a  a  function  of  ti*a  for  both  th«  low  latitu&a  ait» 
(aolld  lino)  and  the  middle  latitude  aito  (broken  line). 
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Fig.  5  Tin  relation  between  the  bbaorved'  ionosphere  tilt  reotor  and  the  distorted  plasma  frequency 
oontour. 
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Fig.  6  Comparison  of  synthesised  and  oxpu?iKi-?ntsl  dopplor  siiifts. 

a.  experiefuital  25  km  path 

b.  synthesised  55  km  path 

o.  synthesised  sertloal  inoidence 
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Fig.  8  Thu  time  series  of  tilt  observations  of  reference  11  compared  with  theory. 

a,  the  observed  Magnitude  of  the  tilt  rector  as  a  funotion  of  time 

b.  the  sense  and  aagnitude  of  the  tilt  observations  as  a  funotion  of  time 
o.  the  thaoretioal  variation  of  tilt  with  time 


Fig.  13  Polar  plot  of  range  and  bearing  at  magnetic  dip  160  and  for  t'  a  0.5 


Fig.  14  Polar  plot  of  range  and  bearing  at  sagnetlo  dip  66°  and  for  t1  a  0.3 
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QUELQUES  EFFETS  DES  QNDES  DE  Q3AVITE  ATMDSPHERIQUES  OBSERVES 
SUR  UNE  LIAISON  RADIO  TRANSIiQUATORIALE 


par 


J,  RSttger 


SOWAIRE 


L' auteur  Ctudie  1' influence  dee  ondea  de  gravit£  atmo»ph£rique»  eur  la  propagation 
d'ondet  radio  HF  d'un  point  d  un  autre  d  t raver*  1' ionoaphdre,  dane  deux  cas  particuliers  : 
celui  ou  lee  ondea  de  gravity  ae  propagent  paraildleaent  au  plan  du  grand  cercle  qui  joint 
lea  extr£mit£s  de  la  liaison,  et  celui  od  ellea  ae  propagent  tranaveraaleueut , 

Dea  ueaurea  ont  £t£  effectu£es  le  long  de  1*  trajectolre  radio  HF,  trana equator iale 
nord-aud,  reliant  Linduu  (Allemagne  de  l'Ouest)  d  Tsumeb  (Afrique  du  Sud-Oueet)  j  cea  mesures, 
r£alis£es  d  l'aide  d'£metteurs  d  ondea  entretenuea  de  frequence  fixe,  ont  r£v£l£  dea  variations 
p£riodiques  et  nocturnes  de  l'anplitude  du  champ,  quo  l'on  suppose  etre  dues  d  une  focalisation 
provoquSe  par  dea  ondea  de  gravity  atmoaphSriques  ae  propageant  du  nord  au  aud,  Dea  calculs  de 
trajectograpbie  montrent  qu'il  peut  ae  produire  den  focsliaatioua  p£riodiques  loraqu'on  utilise 
dea  profile  ionoeph£riques  perturbfa  pax  dea  ondea  de  gravity  atroosphtriques.  On  effectue  une 
analyse  de  denait£  d'£nergie  dea  configurations  de  l'azqplitude  du  champ  enregistr£es ,  afin  d'ob- 
tanir  dea  indications  sur  lea  priccipalea  p£riodea  de  fluctuation. 

On  observe  dea  deviations  d'asiaut  allunt  juaqu'd  50°  d  l'eat  et  d  l'ouest  du  grand  cer- 
cle  passant  par  Lindau  et  Tauneb  |  on  peut  expliq-jer  cea  d£viations  par  la  reflexion  et  la  diffu¬ 
sion  lat£rales  dues  d  dea  irr£gularit£a  de  l'F  diffus  £quatorial,  Lea  variations  du  temps  de  pro¬ 
pagation  et  de  l'azinut  indiquent  la  pr£sence  de  perturbations  ionosph£riques  itin£rantes  se  d£~ 
plaqant  d'oueat  en  eat  dans  it  zone  £qu*toriale.  La  vitesse  et  la  distance  torizontale  dea  zones 
oil  apparaft  p£riodiquement  une  r£flexion  lat£rale  oont  comparables  ft  celles  relatives  aux  ondea 
de  gravit£  atmoaph£riques. 
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SUMMARY 


The  influence  of  atmospheric  gravity  waves  on  the  point-to-point  propagation  of  Hi’  radio 
waves  in  the  ionosphere  in  investigated  for  two  cases  i  The  gravity  waves  are  propagating  in  direc¬ 
tion  of  the  great,  circle  between  two  pointn,  and  the  gravity  waves  are  propagating  transverse  to 
the  great-circle  direction. 

Measurements  on  the  north-oouth  directed  transequatorial  HF  radio  path  Li ndau/W . Germany  - 
Tsumeb/Gouth  West  Africa  using  fixed- t requency  CW  transmitters  show  periodical  fieldstrength 
variations  during  night-time  hours,  which  are  assumed  to  be  caused  by  focussing  due  to  north-south 
propagating  atmospheric  gravity  waves.  Ray-tracing  calculations  prove  that  periodical  focussing 
can  occur  when  ionospheric  profiles  perturbed  by  atmospheric  gravity  waves  are  employrd.  A  power 
density  analysis  of  the  recorded  fieldstrength  patterns  is  carried  out  in  order  to  obtain  indica¬ 
tions  about  the  main  fading  periods. 

Azimuthal  deviations  up  to  5^°  east  and  west  of  the  great  circle  Lindau  -  Tsumeb  are  obse"ved 
and  can  be  explained  by  side  reflection  and  side  scattering  due  to  irregularities  of  the  equat.  ial 
spread-F.  The  variation  in  propagation  time  and  azimuth  angle  is  indicating  traveling  ionospheric 
disturbances  moving  from  west  to  east  in  the  equatorial  zone.  The  velocity  and  the  horizontal 
distance  of  periodically  occuring  side-reflection  areas  are  similar  to  those  values  concerning 
atmospheric  gravity  waves. 


1 .  INTRODUCTION 

Investigations  of  the  effect  of  atmospheric  gravity  waves  on  the  HF  radio  wave  propagation 
were  carried  out,  concerning  vertical  sounding  experiments  (Bowman,  I960,  1968;  Klostermeyer,  1965; 
Baker  and  Gledhill,  19G5'i  an<i  concerning  oblique-incidence  backscatter  sounding  (Tveten,  1961; 
Hunsucker  and  Tveten,  196?;  Croft,  1963;  Georges  and  Stephenson,  1969).  The  influence  of  traveling 
ionospheric  disturbances  on  the  point-to-point  propagation  of  HF  radio  waves  essentially  was 
investigated  by  Davies  and  Chang  (1968),  Georges  (1968),  and  Nielson  (1969)  using  HF  Doppler 
observations . 

This  paper  outlines  some  results  basing  on  point-to-point  oblique -incidence  pulse  sounding, 
incidence  angle,  and  CW  fieldstrength  measurements.  Some  examples  will  be  given  showing  the  influence 
of  atmospheric  gravity  waves  or  short-wave  radio  propagation  on  the  transequatorial  path  Lindau/ 

W. Germany  -  Tsumeb/South  West  Africa.  Two  different  cases  will  be  considered: 

1.  The  gravity  waves  are  propagating  in  direction  of  the  great  circle  between  Lindau  and  Tsumeb, 
which  is  approximately  the  north-south  direction. 

2.  The  gravity  waves  are  propagating  transverse  to  the  great  circle,  that  means  approximately  in 
west-east  direction. 

Besides  group-  and  phase-path  variations,  gravity  waves  concerning  case  1  are  effecting 
variations  in  fieldstrength  of  radio  signals  caused  by  focussing  and  defocussing.  These  effects 
can  be  demonstrated  by  using  ray  tracing  in  ionospheric  profiles  perturbed  by  atmospheric  gravity 
waves.  Measurements  on  the  radio  path  Lindau  -  Tsumeb  (fig.  1)  using  fixed-frequency  CW  transmitters 
often  show  periodical  fieldstrength  variations.  By  employing  a  power  density  analysis  it  is  assumed 
that  these  periodical  fieldstrength  patterns  may  be  caused  by  focussing  due  to  atmospheric  gravity 
waves . 

The  gradients  of  plasma  frequency  caused  by  gravity  waves  of  case  2  are  leading  to  a  lateral 
deviation  of  the  transmitted  radio  signal  (off-great-circle  propagation).  Pulse  transmissions  on 
the  oblique-incidence  path  Lindau  -  Tsumeb  using  a  rotating  direction  finder  antenna  evidently 
show  that  azimuthal  deviations  v.p  to  50°  east  and  west  of  the  great-circle  direction  (fig.  1)  are 
-egularly  observed  after  sunset.  This  type  of  of f -great-ci rcle  propagation  is  duo  to  irregularities 
of  the  equatorial  spread-F.  The  variation  in  propagation  time  and  azimuth  angle  of  o f f-great-cxr cle 
paths  is  indicating  side  reflections  ar.d  side  scattering  due  to  ionospheric  disturbances  in  the 
equatorial  ionosphere  traveling  from  west  to  east.  The  velocity  and  the  horizontal  distance  of 
different  side-reflection  areas  can  be  deduced  from  these  measurements.  The  observed  values  of 
velocity  and  horizontal  wave  length  are  similar  to  those  values  concerning  atmospheric  gravity  waves. 


2.  ATMOSPHERIC  GRAVITY  WAVES  PROPAGATING  IN  NORTH-SOUTH  DIRECTION  ALONG  THE  GREAT  CIRCLE 
2.1.  Observations 

On  the  path  Tsumeb  -  Lindau  CW  fieldstrength  measurement  are  carried  out  on  14.000  MHz  and 
16.996  MHz  (17-413  MHz)  using  horizontal  4-element  Yagi  antennas  in  10.6  m  and  14.3  m  height.  The 
antenna  gain  is  approximately  "0  dB  and  the  transmitter  power  is  1  kW  on  14.000  MHz  and  0.5  kW  on 
16.996  MHz  (l?.1*!?  MHz).  Figure  2  shows  a  typical  fieldstrength  record  obtained  during  night.  Due 
to  the  fact  that  the  14.0  MHz  signal  is  below  noise  level  during  day-time  hours,  because  of  the 
D-layer  absorption,  night-time  records  ore  selected  for  comparison.  This  also  omitr,  effects  of  K- 
and  FI-layer  propagation.  The  fieldstrength  record  is  obtained  by  reuding  the  peak  value  of  the 
receiver  input  power  during  a  period  of  two  minutes.  Because  trie  transmitter  is  switched  in  con¬ 
trary  from  one  frequency  to  the  ether  every  second  minute  (this  is  to  provide  a  correct  measure¬ 
ment  of  the  si gnal- to- noi se  ratio),  one  fieldstrength  reading  is  obtained  every  fourth  minute. 
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The  plotted  aignalstrength  of  the  16.9  MHz  signal  is  reduced  to  1  kW  effective  transmitter  power 
by  adding  J  dH  to  the  measured  values.  The  fieldstrength  patterns  represented  by  figure  2  evidently 
indicate  periodical  variations  on  both  operating  frequencies.  This  clearly  can  be  seen  on  figure  2b 
which  is  the  curvo  of  figure  2a  smoothed  by  digital  filtering  by  means  of  the  filter  given  in  the 
left-hand  side  of  figure  2b.  The  fading  periods  of  up  to  80  minutes  and  the  nearly  simultaneous 
occuring  of  maxima  and  minima  on  both  frequencies  give  evidence  to  the  assumption  of  focussing  and 
defocussing  due  to  periodical  ionospheric  disturbances,  which  are  caused  by  atmospheric  gravity 
waves  propagating  along  the  great  circle  Lindau  -  Tsumeb. 

2.2.  Ray-Tracing  Calculations 


The  assumption  oi  focussing  by  ionospheric  profiles  perturbed  by  atmospheric  gravity  waves 
can  be  proved  by  an  application  of  ray-tracing  calculations.  For  this  purpose  a  two-dimensional 
ray-tracing  program  was  developed.  As  shown  by  Georges  and  Stephenson  (1969)  the  effect  of  lateral 
deviation  of  radio  waves  is  small  and  can  be  neglected  if  the  atmospheric  gravity  wave  is  propagat¬ 
ing  nearly  along  the  great  circle  of  the  radio  path.  Considering  this  fact,  a  2D  ray-tracing  is 
sufficient  for  calculation.  This  program,  furthermore,  neglects  the  earth's  magnetic  field.  The 
signalstrength  calculations  are  basing  on  the  spacing  of  adjacent  ray  paths.  This  "flux-line" 
approximation  can  be  used  for  practical  applications  (Croft,  1969)>  in  spite  of  the  fact  that  it 
breaks  down  near  the  skip  distance.  Losses  at  ground  reflection  and  the  vertical  antenna  pattern 
are  taken  into  account.  D-layer  absorption  and  E-layer  bending  of  the  ray  can  be  neglected  because 
of  the  intended  comparison  with  night-time  measurements.  The  F-layer  profile  is  chosen  to  be  para¬ 
bolic  (no  FI-layer)  and  be  perturbed  by  an  atmospheric  gravity  wave.  This  profile  can  be  analytical¬ 
ly  expressed  by: 
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The  horizontal  distance  of  the  wave  is  xj  ■  x  -  ng-Xx,  where  ng 
distance  from  the  northern  terminal  of  the  path  is  xg  »  ^  (a  t,, 

the  direction  of  x.  The  ionospheric  profile  given  by  these  parameters  is  shown  in  figure  3-  The 
choice  of  the  parameters  4q  »  0.1,  Xx  -  600  km  end  Xz  ™  240  km  indicates  a  medium-scale  disturban 
(Georges,  1968*  Georges  and  Stephenson,  1969).  This  simplified  form  of  an  ionospheric  profile,  re 
presenting  the  influence  of  an  atmospheric  gravity  wave,  can  clearly  indicate  the  effects  of  this 
perturbation  to  obli que-incidence  short-wave  propagation. 


0,1,2,3>->  The  normalized  wave 
The  gravity  wave  propagation  is  in 


The  HF  radio  wave  propagation  on  the  7913  km  long  path  between  Lindau  and  Tsumeb  can  only  take 
place  via  multi-hop  propagation.  Generally,  at  least  3 F  propagation  is  necessary.  To  avoid  comp’exity, 
the  perturbation  of  the  ionosphere  is  assumed  to  be  limited  to  the  ionospheric  region  in  the  northern 
part  of  the  path  where  the  first  reflection  takes  place.  The  further  ionospheric  reflections  are 
assumed  to  be  in  a  concentric,  homogeneous  ionosphere  with  no  horizontal  gradients  of  plasma  fre¬ 
quency  . 


Figure  4  shows  t.ie  so-calculated  range-elevution  display  for  the  two  fixed  frequencies  14.0  MHz 
and  17.0  MHz  and  3F  propagation,  where  -9  is  the  elevation  angle  at  the  northern  station  Lindau,  and 
xp  is  the  horizontal  distance  from  Lindau.  xg  is  the  normalized  wave  distance.  As  this  example  evi¬ 
dently  indicates,  "ripples"  are  propagating  to  a  closer  distance  and  to  higher  elevation  angles 
when  the  wave  distance  xg  is  increasing.  The  wave  distance  Xg  can  be  expressed  by  the  time  t£,  which 
is  the  normalized  time  iri  wave  periods.  If  the  period  of  the  atmospheric  gravity  wave  is  assumed  to 
be  one  hour,  the  time  tg  -  0.2  (a  Xg)  is  standing  for  12  minutes,  which  is  the  difference  in  time 
between  the  different  divisions  of  figure  4,  The  increasing  wave  distance  xg  indicates  increasing 
time . 


dxp 

Focuosing  takes  p]ace  where  becomee  smalL.  Regarding,  fur  example,  the  case  of  xg  »  0.8, 

this  focussing  is  at  the  minimum  6900  km,  the  maximum  7800  km,  and  at  the  skip-.:  istance  minimum 
5840  km.  This  is  for  the  operating  frequency  17.O  MHz*  the  focussing  on  14.0  MHz  m  at  smaller 
distances.  Proceeding  to  xg  »  1.0,  the  ripples  have  moved  to  still  smaller  distances.  The  maxima 
and  minima  at  low  elevation  angles  will  lead  to  a  focussing  effect  like  the  skip-distance  focussing 
with  a  sharp  decrease  of  fieldstrength  when  the  MUF  is  passing  the  operating  frequency.  A  steady 
increase  and  decrease  o7  fieldstrength  will  be  expected  for  increasing  xg  when  only  a  point  of 
inflection  occurs  on  the  range-elevation  display.  This  point  of  inflection  is,  for  example,  at 
919O  km  on  the  operating  frequency  14.0  MHz  and  xg  «  0.4  (see  fig.  4). 


3.1-3 


Aa  the  diagrams  of  figure  4  demonstrate,  che  focussing  ripples  are  at  different  ranges  xp, 
considering"  the  different  i'ren".sncies  14.0  MHz  and  17-0  MHz.  Duo  to  the  fact,  that  the  ripples  are 
moving  to  smaller  langes  with  increasing  wave  distance  xc,  (a  t£),  a  time  delay  in  focussing  between 
the  two  frequencies  will  be  expected  when  transmitting  to  a  fixed  distance  xp  -  const. 


The  characteristics  of  an  oblique-incidence  signal  transmitted  along  the  fixed  distance  of 
7915  km  between  Li  ml  a »  and  Tsumeb  are  shown  in  the  following  figures,  concerning  the  ionospheric 
model  illustrated  by  figure  J,  and  using  the  fixed  operating  frequencies  14.0  MHz  and  17.0  MHz. 
Figure  5  demonstrates  the  calculated  elevation  angles  -Hi  at  Lindau  and  Op  at  Tsumeb  lor  the  3F, 

4F  and  5^  propagation  as  a  function  of  the  normalized  wave  distance  xg.  High  angle  characteristics 
are  plotted  only  if  the  fieldstrength  of  this  propagation  mode  is  comparable  to  the  field6treng Lh 
of  low  angle  modes.  This  is  the  case  only  for  the  4F  mode  on  17.0  MHz.  For  a  specific  range  of  X£ 
the  low  angle  JF  mode  is  split  into  three  propagation  paths  vith  different  elevation  angles.  This 
effect  is  not  so  much  pronounced  at  che  steeper  elevation  angles  of  4F  propagation  on  14.0  MHz. 

The  splitting  is  not  observed  at  the  5F  mode  on  14.0  KHz  and  the  4F  mode  on  17-0  MHz  due  to  the 
fact  that  only  inflection  points  exist  near  the  skip  distance,  which  is  demonstrated  by  the  range- 
elevation  display  of  figure  4.  The  difference  in  the  pattern  of  the  elevation  angles  -3i  ar.d  Ap 
(the  variation  in  #1  is  much  greater  than  the  variation  in  Up)  is  evidently  caused  by  the  tilted 
ionospheric  model  (fig.  J)  used  in  this  calculation. 


Figure  6  shows  the  calculated  group  propagation  time  t'  for  the  17. C  MHz  signal  as  a  function 
of  the  wave  distance  xg  (respectively  the  time  tg  in  wave  periods).  The  difference  in  propagation 
time  of  less  than  0.06  msec  concerning  the  split  paths  of  the  3F  mode,  can  hardly  be  measured  by 
usual  pulse-technique  transmissions.  The  variation  in  propagation  time  of  the  4F  mode  is  exceeding 
0.2  msec  because  the  reflection  level  is  near  the  layer  maximum  (low  angle  and  high  angle  .  ,  close 
together),  where  the  influence  of  the  disturbance  is  much  more  pronounced  than  at.  lower  levels.  The 
pattern  of  the  group  propagation  time  is  peri idical  because  the  normalized  wave  distance 
,  x  -  ng.\v 

xg  »  — 5 “  is  periodical  when  ng  becomes  1,  2,  3  etc.  and  the  gravity  wave  is  propagating 

A  X 

through  the  reflection  area.  The  same  is  obviously  valid  for  the  elevation  angle  and  fieldstrength 
patterns.  These  periodical  variations  are  accompanied  by  periodical  variations  of  the  received  fre¬ 
quency  (up  to  a  few  Hz)  due  to  the  variation  of  the  phase  path.  Periodical  variations  of  .frequency 
have  been  observed  by  Georges  (i960)  >and  are  explained  by  ionospheric  perturbations  by  atmospheric 
gravity  waves. 


The  diagrams  in  figure  7  demonstrate  the  absolute  fieldstrength  Pg  of  the  split  3^  mode  for 
the  frequencies  14.0  MHz  and  17-0  MHz.  These  diagrams  indicate  the  "skip-distance-like"  focussing 
effects  around  ?:g  -  0.1  and  x£  =■  0.7.  Furthermore,  the  time  delay  in  focussing  on  these  two  fre¬ 
quencies  is  demonstrated!  The  focussing  on  14.0  MHz  takes  place  at  a  lower  value  of  xg  than  on 
17.0  MHz.  This  is  when  the  atmospheric  gravity  wave  is  propagating  from  north  to  south  and  has  0 
tilt  into  the  direction  of  propagation.  Assuming  a  wave  period  of  one  hour,  the  time  delay  of  the 
fieldstrength  peak  on  17-0  MHz  (relative  to  14.0  MHz)  is  approximately  four  minutes,  concerning 
the  horizontal  wave  length  of  600  km  used  in  this  calculation. 

Figures  3  and  9  show  the  results  of  fieldstrength  calculations  for  all  possible  propagation 
modes  taking  into  account  the  ground-reflection  losses  (relative  permittivity  sr  =*  7  ar.d  conductivi¬ 
ty  a  »  3- 10*3  n_1  m-*)  and  the  vertical  antenna  pattern  at  the  transmitter  and  receiver.  Consequent¬ 
ly,  these  plots  are  demonstrating  the  effective  receiver  input  power  of  the  single  modes.  The  5F 
mode  on  14.0  MHz  clearly  indicate-;  the  steady  increase  and  decrease  in  fieldstrength  due  to  inflec¬ 
tion  point  focussing.  The  steady  increase  accompanied  by  a  sharp  decay  shown  on  the  3F  modes  is  due 
to  focussing  at  maxima  in  the  range-elevation  display  of  figure  4.  The  rather  low  receiver  input 
power  of  the  focussed  3F  modes  at  xg  “  0,1  is  caused  by  the  decrease  :U.  antenna  gain  at  low  eleva¬ 
tion  angles.  The  time  delay  in  the  fieldstrength  maximum  of  the  low  angle  4F  mode  on  17-0  Mliz  (rela¬ 
tive  to  the  14.0  MHz  maximum)  is  approximately  15  minutes. 

As  all  modes  have  to  be  added  when  CW  transmission  has  to  be  considered,  several  maxima  in  the 
fieldstrength  patterns  are  occuring  when  the  atmospheric  gravity  wave  propagates  along  a  distance 
of  one  wave  length.  The  interpretation  of  the  fieldstrength  pattern  becomes  much  more  complicated 
when  che  fact  is  regardeu  that  at  all  three,  four  or  five  reflection  points  in  the  ionosphere 
focussing  takes  pluce.  The  fact  that  the  gravity  wave  is  propagating  periodically  through  all 
reflection  areas  gives  rise  tc  some  more  complexity. 


2-3-  Evaluation  o..’  Measurements 


Ae  shown  in  the  previous  section,  the  determination  of  the  characteristics  of  atmospheric 
gravity  waves  by  means  of  f ie"1  or 1  rength  measurements  seems  to  be  relevant  only  if  one-hop  propaga¬ 
tion  is  taken  into  account  or  only  one  propagation  node  is  dominant.  In  spite  of  this  fact,  it 
seems  appropriate  to  ask  after  the  effect  of  a  perturbed  ionosphere  on  the  fieldstrength  pattern 
of  n  .adio  path.  This  can  firstly  be  done  by  simulating  the  fieldstrength  pattern  by  means  of  ray 
tracing  calculations  as  it  is  pointed  cu.  in  the  section  before.  A  further  Dossibility  is  to  evaluate 
measured  f i elds t reng ch  records  by  means  of  a  power  density  analysis,  which  is  basing  on  the  Fourier 
transformation  of  the  auto-correlation  function  of  a  time  series  ( Tauberihe im ,  1969).  This  analysis 
gives  evidence  about  the  fading  periods  and  amplitudes  which  are  included  in  the  measured  field- 
strength  patterns. 

Figure  10  shows  the  mean  powei  density  of  all  night-tiue  fieldstrength  refolds  obtained  during 
August  1969  on  14.000  MHz  and  16. 996  MHz.  A  power  density  analysis  war.  done  for  every  night.  (19  - 
05  UT)  and  the  mean  value  of  all  analysed  nights  is  plotted  as  a  funet.on  of  failing  period  j,  re¬ 
spectively  fading  frequency  v'.  The  resulting  diagram  (lie.  HU  shows  that  in  a  steady  increase  of 
the  power  density  to  longer  periods  slight  maxima  are  occuring  between  periods  of  30  minutes  and 
80  minutes.  Three  maxima  are  evident  at.  the  coherence  plot,  which  is  deduced  from  the  c  rouu-oorrein- 
t i on  function  and  is  a  measure  for  the  similarity  of  both  time  ser i«e.  The  mean  standard  deviation 
of  the  calculated  power  density  ami  coherence  in  not  exceeding  lib  %  of  the  plotted  valuer.  The 
relevant  maxima  at  approximately  4b,  Vi  end  8o  minutes  'ndicate  the  dominant  periods  o  f  the  observed 
fieldstrength  patterns.  The  bent,  coherence  between  the  two  signals  io  at  periods  between  ?0  minute*: 
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and  90  minutes.  The  mean  phase  lag  At  between  the  two  frequencies  has  a  standard  deviation  lower 
than  tl  minute.  In  the  period  range  of  50  minutes  to  ‘jO  minutes  this  phase  lag  is  negative;  that 
means,  the  fading  periods  of  the  16.9  MHz  signal  are  occuring  after  the  respective  fading  periods 
of  the  14.0  MHz  signal.  This  is  in  agreement  with  the  calculated  time  delay  when  considering 
focussing  due  t.o  atmospheric  gravity  waves  (see  fig.  7).  The  positive  time  delay  of  the  periods 
greater  than  ‘ill  minutes  seems  to  be  due  to  the  fading-out  of  the  16.9  MHz  signal,  which  sometimes 
occurs  between  OJ  UT  and  Oh  UT  and  takes  place  earlier  than  the  fading-out  of  the  14.0  MHz  signal. 

figure  'll  indicates  the  occurrence  frequency  of  fading  periods  observed  during  all  nights  of 
August  1969.  It  is  presumable  that  the  maximum  of  the  occurrence  frequency  in  within  the  period 
range  o  20  minutes  to  60  minutes,  which  is  approximately  the  period  range  of  atmospheric  gravity 
waves,  in  spite  of  the  fact  that  characteristics  of  atmospheric  gravity  waves  cannot  be  determined 
from  this  analysis,  it  may  be  assumed  that  the  observed  long-periodic  fading  is  caused  by  focussing 
due  to  atmospheric  gravity  waves. 


J.  DISTURBANCES  IN  THE  EQUATORIAL  IONOSPHERE  TRAVELING  TRANSVERSE  TO  THE  GREAT  CIRCLE  IN 

WEST-EAST  DIRECTION 

J  .  1 .  Observations 

Besides  normal  propagation  along  the  great,  circle  Lindau  -  Tsumeb  (fig.  1)  off-great-circle 
propagation  often  can  be  observed  during  evening  hours.  Measurements  to  record  the  great-circle 
deviation  are  carried  out,  using  a  rotating  direction  finder  antenna  which  has  a  distinct  minimum 
in  forward  direction.  Pulse  transmission  is  used  to  provide  a  correct  measurement  of  the  signal 
propagation  time  (fig.  12).  The  pulse  repetition  time  is  20  msec,  and  the  pulse  duration  is  200  gsec. 
Tne  pulse  peek  power  on  the  fixed  frequency  1 8 . 2 1  MHz  is  approximately  100  kW,  and  the  antenna  gain 
is  about  10  dB  at  the  transmitter  and  receiver  site. 

Figure  1J  shews  a  typical  event  of  this  kind  of  of f-great-circle  propagation.  The  off-groat- 
circle  paths  regularly  can  be  observed  after  17  UT  east  of  the  great  circle.  Between  19  UT  and 
20  UT  propagation  paths  west  of  the  great  circle  occur  and  the  eastern  paths  disappear.  On  a  few 
occasions  off-great-circle  propagation  still  is  observable  when  the  great-circle  propagation  has  al¬ 
ready  faded  out  (2120  -  2200  UT) .  Usually  normal  propagation  conditions  without  distinct  off-great- 
circle  propagation  reopen  during  midnight  hours. 

The  depicted  effect  of  lateral  or  great-circle  deviation  is  characterized  by  two  different 
types  of  propagation  paths:  Besides  a  continuous  background  of  diffuse  traces  (partial  reflection), 
the  spectrum  of  propagation  time  frequently  indicates  discrete  traces  (possibly  due  to  total  reflec¬ 
tion)  commencing  within  a  few  nunutee  and  existing  up  to  two  hours.  At  times  groups  of  up  to  ten 
traces  with  different  propagation  time  and  different  azimuth  angles  can  be  detected.  The  propaga¬ 
tion  time  of  the  discrete  traces  is  increasing  with  time  when  the  path  is  observed  east  of  the 
great  circle,  and  is  decreasing  with  time  when  west  of  the  great  circle.  Simultaneous  with  this 
observation  a  email  eastbound  drift  of  'he  path's  azimuth  is  perceptible,  regardless  if  the  path 
has  east  or  west  deviation. 

3.2.  Analysis  of  the  Observations 

All  the  described  observations  point  to  distinct  characteristics  of  the  equatorial  spread-F 
(Clemesha  id  Wright,  1966;  Kelleher  and  Skinner,  1971)  It  can  be  shown  that  the  observed  off- 
great-circ.  paths  are  caused  by  side  reflection  and  scattering  due  to  spread-F  irregularities  near 
the  magnetic  dip  equator  (Rottger,  1972).  If  the  ionospheric  propagation  modes  on  the  path  ttanc- 
mit.ter  -  equator  -  receiver  are  known  and  the  side-re  flee  tic  n  areas  are  supposed  to  be  small  com¬ 
pared  to  the  length  of  the  entire  path,  the  position  of  the  side-reflection  areas  can  be  calculated 
from  the  observed  azimuth  angles  and  signal  propagation  time  (Rottger,  1971a). 

The  propagation  on  the  radio  path  T inoau  -  Tsumeb  during  the  evening  hours  predominantly  takes 
place  via  3R<  4F  and  5F  propagation.  These  propagation  modes,  concerning  off-great-circle  propaga¬ 
tion,  ure  split  into  the  two  partial  modes  transmitter  -  equator  and  equator  -  receiver.  The  par¬ 
tial  modes  are  defined  by  the  number  of  semi-hops  (earth  -  ionosphere  and  v.v.).  For  example,  the 
4F  mode  is  epl.t  into  ihe  5-3  (?-5)  mode,  which  indicates  5  (3)  semi-hops  on  the  path  transmitter 
(Lindau)  ■■  equator  aril  3  (5)  semi-hope  on  the  path  equator  -  receiver  (Tsumeb).  Using  a  mean  iono¬ 
spheric  profile  along  the  propagation  path  (a  parabolic  F-Layer  with  fc  -  10.0  MHz,  zq  «  220  kin, 
ym  ■■  0.4  z0) ,  the  mean  position  ot  the  side -ref  lection  areas,  concerning  every  observed  trace,  can 
be  calculated.  The  absolute  error  of  the  position  finding  of  a  single  side-reflection  area  is  not 
exceeding  ibOO  km  in  no’-th-eouth  direction  and  1150  km  in  west-east  direction.  This  erro-  is  mainly 
caused  by  the  statistic.  1  uncertainty  .in  determining  the  ionospheric  parameters  along  t  -  path  trans¬ 
mitter  -  equator  -  receiver  (Rottger,  1971b). 

The  calculated  position  of  si de- re  flee t ion  areas  as  a  function  of  time  t  is  demonstrated  by 
figure  14.  For  this  poaition  determination  the  observed  values  of  figure  13  are  used.  The  relative 
error  in  the  position  indication  as  a  function  of  time  is  smaller  than  the  epecilied  absolute  error, 
because  the  variation  of  the  ionospheric  pa-ameters  during  a  few  hours  can  be  assumed  to  be  normally 
much  smaller  than  the  variation  during  one  month  (this  in  used  for  the  calculation  of  the  absolute 
error).  To  assure  the  agreement  between  the  model  of  figure  14  and  the  observe t ions  (fig.  13),  the 
calculated  propagation  time  t'  (using  this  model)  is  compared  with  the  observed  propagation  time 
(fig.  15).  The  sufficient  agreement  oi  the  calculated  and  the  obs<  rveci  values  indicates  that  the 
model  of  figure  l4  may  be  supposed  to  be  relevant. 

In  figure  14  the  oi de-re f lee 1 1  on  areas  are  assumed  to  be  on  the  magnetic  dip  equator  (the 
maximum  of  occurrence  frequency  oi  side  reflections,'.  The  ordinates  dy  and  dg  are  indicating  the 
distance  measured  from  the  cross-point  of  the  dip  equator  and  tne  great  circle  in  latitudinal 
direction  1  west-east  i .  The  weat-eaat  direction  i.i  approximately  along  the  magnetic  dip  equator 
(see  fig.  1).  The  ordinate  \  is  the  corresponding  geographical  longitude,  and  a  is  the  azimuth 
angle  of  the  si  de-ref lec t ion  areas  observed  at  Lindau.  This  diagram  (fig.  1 4 1  demonstrates  that 
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the  aide-reflection  arses  are  commencing  after  aunaet  at  the  magnetic  dtp  equator.  An  eastward 
movement  of  all  these  areas  la  perceptible  and  the  corresponding  velocity  in  between  60  and 

220  -2“-.  Groups  of  side-ref lection  areas  can  be  observed f  between  2040  UT  and  .7130  UT  at  least 

sec 

five  different  tracer  are  evident.  The  horizontal  distance  in  west-east  direction  between  diffe¬ 
rent  traces  is  approximately  600  km. 

The  observed  velocities  and  the  horizontal  distance  (wave  length)  of  the  aide-reflection  areas 
give  evidence  to  the  assumption  that  these  periodical  structures  in  the  equatorial  ionosphere  arc 
caused  by  atmoupheric  gravity  waves  commencing  after  sunset  in  the  equator  region.  The  observed 
structures  are  evidently  occuring  in  connection  with  the  equatorial  opread-F.  As  shown  by  Bowman 
(1S'68\  a  relation  between  atmospheric  gravity  waves  and  the  occuring  of  spread-F  can  be  assumed. 


The  hypothesis  that  the  moving  structures  in  the  equatorial  ionosphere  do  exhibit  typical 
features  of  atmospheric  gravity  wavee  shall  be  supported  by  some  more  statistical  data.  For  this 
purpoxe  all  data,  concerning  off-great-circle  propagation  on  the  path  J.indau  -  Ts'uneb,  obtained 
during  March  1971  are  analysed. 


Figure  16  shows  the  analysis  of  the  variation  of  propagation  time  t'  for  eastern  and  western 
dt 1 

deviations.  The  variation  of  the  signal  propagation  time  is  associated  by  a  Doppler  shift  of 

«  t  j  | 

the  transmitted  frequency  which  is  indicated  by  the  frequency  variation  Af.  The  variation  — —  is 


observed  to  be  positive  for  eastern  traces  and  negative  for  westorn  traces.  The  corresponding  Af 
has  opposite  sign.  This  diagram,  comparing  the  absolute  values  of  the  variations,  demonstrates 
that,  the  western  distribution  does  not  coincide  with  the  respectively  eastern  distribution.  Equa¬ 
lity  of  both  distributions  should  be  expected  if  the  variations  of  the  propagation  conditions  along 
the  path  transmitter  -  equator  -  receiver  are  assumed  to  be  small  and  similar  velocities  of  the 
side-reflection  areas  east  and  west  of  the  path  are  presumed.  East  and  west  deviations  can  be  com¬ 
pared  because  the  zone  of  equatorial  aproad-F  (along  the  magnetic  dip  equator)  where  the  aide 
reflections  take  place  is  approximately  symmetrical  on  both  sides  of  the  path  Lindau  -  Tsumeb. 

The  observed  unequality  of  the  eastern  and  western  distribution  can  be  explained  by  a  decrease 
of  the  reflection  height  at.  the  dip  equator.  This  decrease  of  the  .F~layer  height  is  observed  at 
equator  stations  after  a  distinct  increase  of  layer  height  after  sunset  (QRI,  1970). 

Using  the  observed  variations  of  signal  propagation  time,  the  eastward  velocity  ^  and  the 
downward  velocity  can  be  derived.  The  measured  variation  of  the  propagation  time  -S^-'is  given  by  i 


dt ' 
dt 


Hi. 

dt 


(dt'  a) 


dt ' 

_ 2 

dt 


,  dz 
dt ' 


a) , 


(1) 


where  the  y-axis  is  pointing  eastward,  the  z-axis  is  the  vertical,  and  a  is  the  azimuth  angle 
measured  at  I.:' ndau .  t  is  the  time,  and  .  '  the  signal  propagation  time.  Concerning  eastward  veloci- 
dtv 

tiee,  the  variation  ■yrx  is  positive  east  of  the  path  and  negative  west  of  the  path.  The  variation 
dt'  dt 


-rr“  is  always  negative  for  decreasing  layer  height,  regardless  if  the  path  has  eastern  or  western 
dt  dt r  dt ' 

deviation.  Due  to  this  fact,  both  variations  and  have  similar  sign  (minus)  west  of  the  path 

and  have  dissimilar  sign  east  of  the  path.  This  leads  to  an  amplification  of  the  variation  — —  at 

western  paths  and  to  an  attenuation  at  the  east.  The  variation  due  to  eastbound  velocities  can  be 
expressed  by : 


dt' 

dt 


dt ' 


<«>  •  s  e  «>• 


(2) 


where  ~  io  a  function  of  tha  eastward  velocity  4?-  and  can  be  calculated  for  all  expected  values  of 
dv  dt  dt',  dt 

-r~  and  a.  In  the  uarae  manner  — — *■  can  be  calculated,  considering  the  path  geometry  and  the  propaga- 

dt  d<i  dt'  ,  .  dti 

tion  conditions  along  the  path.  The  value  oi  is  determined  by  (1)  if  the  value  of  is  known. 

Because  two  distributions  are  obtained,  one  for  eastern  paths  and  one  for  western  paths,  the  magni- 
dt;  dtl 


tude  of 


dt 


can  be  obtained  due  to  the  fact  that 


,.  has  a  constant  sign  on  both  sides  of  the  path. 
dt  dt; 


By  assimilation  of  the  both  distributions  the  quantity  -rr“  and  the  corresponding  height  variation, 

dz  dt;  dt 

~  can  be  determined  when  searching  the  value  of  which  leads  to  the  beet  similarity  (similar 

median  values)  of  both  distributions.  Thus,  the  eastward  velocity  is  obtained  from  1 1  )  and  (?)s 

dt 

'dt  d"t 

y 

dt 


d«  (d£  )  .  da_  .  ,dtj_  _  __z, 

dt  ' d t. '  dt'  -1*-  ’ 


where 


tion 


dt. ' 
dt 

4?  (■—,  a)  leads  to  the  wanted  velocity  v_  -  ... 
dt  dt  J  E  dt 


da 


is  derived  from  measured  values.  4t-t  and  are  calculated,  thus,  the  inverse  func- 
dt  dty  dt 


- 


Applying  the  outlined  method  to  all  observed  side-reflection  traces,  the  distribution  oi  the 

dt ' 

eastward  velocity  Vg  is  obtained  from  the  east  and  west  distribution  of  ^  •  This  distribution  is 
illustrated  by  figure  17.  The  corresponding  mean  height  variation  is  -24  ,  which  is  in  sufficient 

agreement  with  direct  measurements  at  the  equator.  The  measured  height  variation,  obtained  from 
vertical  sounding  ionograms  of  Ouagadougou  (QRI,  1970)  in  the  equator  zone,  is  -19  (March  1970). 
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Th<i  median  value  of  'the  deduced  velocity  distribution  ie  vv  -  1)0  —2—  1  the  lower  quart  in  45  — — , 

m  1  r‘  out  nec’ 

and  the  upper  quart  in  )85 - .  By  measuring  the  horizontal  distance  (in  went-euot  direction)  bet- 

SPC  J 

ween  adjacent,  aide-re  flee  l  ion  areas,  the  distribution  of  the  horizontal  "wave  length"  dy^  i<*  obtained 
(fig.  17).  Here  the  median  value  is  380  km,  the  lower  quart 'is  210  km,  and  the  upper  quart  la  (jjO  km. 
These  observed  values  of  horizontal  velocity  and  wave  length  are  in  good  agreement  with  oljoorva t i one 
of  traveling  ionospheric  disturbances  in  ihidlati  tudon  (Tvoten,  1961 1  Hunsucker  and  Tveten,  19.6?j 
Georges,  1968),  which  a'-o  assumed  to  he  caused  by  atmospheric  gravity  waves. 

Figure  18  shows  the  distribution  of  the  numbe^.of  different  traces  observed  simultaneously 
during  a  period  of  19  minutes.  The  number  of  traces  is  indicating  the  numb,er  of  periods  of  the  wave 
propagating  into  eastward  direction.  As  this  diagram  further  demonstrates,  traces  west  of  the  great 
circle  are  occuring  much  more  frequently  than  traces  cast  of  the  great  circle.  This  points  to  an 
aeymmetry  of  the  periodical 1 struc ture  of  the  electron  density  distribution  causing  the  side  reflec¬ 
tions.  This  observation  is  in  accordance  with  results  obfained  by  Davies  and  Chang  (1968)  using 
Doppler  measurements  on  an  equatorial  radio  path.  As  the  ionospheric  model  of  figure  5  indicates, 
the  asymmetrical,  tilted  structure  is  an  evident  feature  of  an  atmospheric  gravity  wave. 


4.  CONCLUSION 

Two  effects  of  traveling  ionospheric  disturbances  are  demonstrated  ^n  this  paper.  Disturbances, 
caused  by  atmospheric  gravity  waves,  propagating  along  the  great-circle  direction  of  the  radio  path 
I,i.ndau  -  Tsumeb  are  producing  periodical  fluctuations  of  the  received  f i elds treng th .  It  iE  assumed 
that  this  focussing  effect  may  give  evidence  to  obtain  indications  about  some  parameters  of  atmo¬ 
spheric  gravity  waves  when  analysing  the  < icldstrength  variations  on  o  shorter  radio  path.  : 

Traveling  disturbances,  occuring  in  connection  with  the  equatorial  spread-F,  are  analysed. 

It  is  shown  that  the  characteristic  velocities  and  wave  lengths  are  similar  to  observed  values 
of  midlatitude  traveling  ionospheric  disturbances,  whicli  are  assumed  to  be  due  to  atmospheric 
gravity  waves.  Some  more  investigations  seem  to  be  necessary  to  understand  the  propagation  of 
these  disturbances,  because  the  direction  of  propagation  is  nearly  perpendicular  to  the  direc¬ 
tion  of  the  earth's  magnetic  field. 
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Fig.  3  Model  ionosphere  perturbed  by  atmospheric  gravity  wave. 

z  is  the  height  and  x<-  is  the  horizontal  distance. 
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Fig.  4  Range-elevation  display  showing  the  horizontal  range  vt^  of  the  downccaing  radio  wave, 
transmitted  at  the  elevation  angle  -9  and  propagated  via  3F  reflections, 
is  tht  normalized  gravity  wave  distance. 
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Calculated  elevation  angle  at  the  northern  terminal  (-^^  )  and  the  southern  terminal  (#..>) 

aa  a  function  of  the  normalized  gravity  wave  distance  x*  «  7915  kin)* 
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Calculated  group  propagation  time  t'  as  a  function  of  the  normalized  gravity  wave 
distance  x£  (xD  -  7915  km). 


Calculated  absolute  fields trength  P^,  as  a  function  of  the  normalized  gravity  wave 
distance  ( x_  -»  7915  km). 
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Fig.  10  Mean  power  density,  the  relative  coherence,  and  the  phase  lag  of  the  long-periodic 
fading  measured  on  14.000  MHz  and  16.99  Mhz. 
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Fig.  11 


Occurrence  frequency  of  fading  periods  measured  on  14.000  MHz  and  16.996  MHz. 
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Record  of  the  propagation  time  t'  as  a  function  of  azimuth  angle  a. 

The  mark  at  u  *  0  determines  the  great-circle  direction.  The  azimuthal  deviation 
at  ths  transmitter  in  Li ndau  is  identified  by  the  midpoint  minimum  of  any  trace. 


Fig.  1J  Off-great-circle  paths  observed  between  Lindau  and  Toumeb. 
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Fig.  14  Position  of  side-reflection  areas  on  the  magnetic  dip  equator.  Sunset  at  the 

dip  equator  is  in  the  specified  heights  h. 
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Fig.  15 


Comparison  of  observed  (fig.  13)  and  calculated  traces,  using  the  model  of  figure  14. 
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Fig.  16 


0  6  12  18  2U 


lAfl - ►Hz 

At  ' 

Occurrence  frequency  of  the  variation  of  group  propagation  time  and  frequency  Af 
due  to  eastward  moving  disturbances. 
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Distribution  of  wave  lengths  d, ,,,  and  horizontal  (eastbound)  velocities  v„  calculated 
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from  observations. 
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NUMBER  OF  OBSERVATIONS  (At  =  15min) 


33- IS 


NUMBER  OF  TRACES 

Fig.  18  Number  of  traces  observed  simultaneously  within  a  period  of  18  minutes. 
Observations  of  March  1971. 
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SOMAIRE 


On  a  uialysS  des  impulsions  H.F,  c 'une  duree  inferieure  a  la  raicroseconde,  revues  a  une 
distance  de  1  500  km  a  la  suite  d'une  seule  reflexion  ionospherique  par  la  region  F,  afin  d'gtu- 
dier  les  effete  imposes  a  ces  impulsions  par  le  processus  de  propagation,  Ces  impulsions,  qui 
etaient  transmises  sous  forme  de  trains  il'ondes  a  enveloppe  quasigaussienne,  avec  une  largeur  d 'en¬ 
viron  0,3  u  sec.  entre  points  a  domi -puissance,  presentaient  un  spectre  d'6nission  (d'une  forme  ega- 
lement.  quasi-gauss ienne)  d'environ  3  MHz  de  largeur,  centr£  a  18  MHz,  Au  cours  des  sequences,  troiB 
impulsions  etaient  transmises  a  deux  secondes  d'intervalle  au  d£but  de  cheque  minute,  Des  systemeo 
r^cepteurs  a  largeur  de  bande  variant  de  0,5  a  b  MHz  etaient  utilises  pour  recevoir  les  signaux  rS- 
flechis.  Les  donnSes  Etaient  affichees  aur  des  oscilloscopes  a  declenchement  et  enregistrSes  photo- 
grapbiquement ,  Des  observations  diurnes  furent  effectu6esf  aur  une  vingtaine  de  journees  (habitual- 
lement  par  sequences  de  It  ou  5  jours),  au  cours  de  la  periode  s'etendant  do  septembre  19&9  a  mars 
19T0. 


Les  impulsions  enregistreea  sent  de  forme  tree  variee.  Une  des  caractgriBtiques  observees 
est  l'allongement  de  I'impulsion  attribuable  a  la  diapersionionospherique,  En  general,  pour  un 
rfeepteur  de  1  MHz,  I'impulsion  enregistr^e  dure  environ  15  u  sec.  Lcb  impulsions  enregistrees  pr£- 
eentent  aussi  fr6ques*nent  une  structure  due  au  dedoublement  de  polarisation  et  a  la  reception  de 
trains  d'ondeo  decales  dans  le  temps  provenant  de  reflexions  multiples(plusieurs  sauts). 

Certains  des  resultats  obtenus  a  partir  de  l'analyse  statistique  d'un  grand  nombre  d ' impul¬ 
sions  ("u  19  000)  et  de  J  'analyse  detaillee  d'un  petit  nombre  d'impulsions  individuelies,  sont  les 
svivants  : 


1°)  Les  repartitions  d'apparition  des  longueurs  d'uapulsion  donnent  les  tsux  effectifs  de 
dispersion  ionospherique,  Cette  quantite  est.  directement  liee  a  la  capacite  de  transport  d'infor- 
mation  du  milieu. 

2°)  Les  traces  graphiqueo,  par  sequence  tanporelle,  du  delai  d'iiipulsron,  donnent  l'aupli- 
tude  et  la  periode  des  changeaentB  intervenant  dans  les,  parcours  equivalent  de  groupe.  Da  mesure  de 
ces  changenents  a  6t£  effectuge  avec  un  pouvoir  sSporateur  d'environ  1  u  sec,  '  cette  echelle,  on 
peut  observer,  meme  par  les  journees  les  plus  calmes ,  un  spectre  de  v  riations  dfi  prubablement  c  des 
perturbations  ionosph£riques  itinerantes, 

3°)  D'une  faqon  genSrele,  les  caracteristiques  des  impulsions  ne  changent  gucr>  tuns  un  in¬ 
tervene  de  quelques  secondes,  mais  oubisoent  frequemment  des  modifications  marquees  sur  quelqueu 
minutes. 


U°)  Une  analyse  deteill£e  de  certaincs  impulsions  a  montrS  que  l'on  pouvait  deauire  les  d£ca- 
lages  dans  le  tenps  des  composantes  provenant  de  parcours  multiples,  du  cas  le  plus  simple, 

Les  calculs,  par  trajectographie,  des  taux  de  dispersion  et  des  effets  de  polarisation  pour 
les  modilea  d' ionosphere  i  stratification  horizontale  se  revelent  concorde*-  raisonnablement  avec  les 
rSsultate  d'observations ,  Lee  d£lais  de  teems,  dans  le  cas  des  parcours  multiples,  que  l'on  obtient 
grace  aux  calculs  de  trajectogi  aphie,  a  l'a^de  d'un  modele  ionospherique  comportant  une  perturbation 
ltin£rante  concordent  egalement  avec  la  gauine  de  decalage  temporels  observes. 
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ABSTRACT 


HT  pulses  of  subm  icroseeopd  duration,  received  at  a  range  of  .1500  km  after  a  single  ionospheric 
reflection  from  the  f  region,  have  been  analyzed  to  study  the  effects  Imposed  on  the  pulses  by  the 
propagation  process.  The  pulses,  which  were  transmitted  as  wave  trains  of  quasi -Gaussian  envelope,  with 
about  0.3  psec.  between  half-power  points,  had  a  radiated  spectrum  (also  of  quasi -Gaussian  shape)  about 
3  MHz  wide  centered  at  18  MHz,  Three  pulses  were  transmitted  at  two-second  intervals  at  the  beginning  of 
each  minute  during  runs.  Receiving  systems  with  bandwidth:;  ranging  from  0.5  to  4  MHz  were  used  to  receive 
the  reflected  signals.  The  data  were  displayed  on  triggered  oscilloscopes  and  recorded  photographically. 
Observations  were  taken  during  daytime  ori  about  20  days  (usually  in  4  or  5  day  runs)  during  the  period 
September  1969  to  March  1970. 

The  recorded  pulses  display  a  wide  variation  in  form.  One  pulse  characteristic  is  the  pulse 
stretching  attributable  to  ionospheric  dispersion.  Typically,  for  a  1  MHz  receiver,  the  recorded  pulse 
has  a  duration  of  about  15  pr.ee.  Frequently  the  recorded  pulses  also  display  structure  due  to  polarization 
splitting  and  to  the  reception  of  time-shifted  wavetrains  from  multiple  reflection  points  (multipath). 

Some  results  from  the  statistical  analysis  of  a  large  number  (n.  19,000)  of  pulses  and  the  detailed 
analysis  of  a  small  number  of  individual  pulses  include; 

1)  Occurrence  distributions  of  pulse  lengths  yield  effective  ionospheric  dispersion  rates.  This 
quantity  is  directly  related  to  the  information  carrying  capacity  of  the  medium. 

2)  Time  series  plots  of  pulse  delay  give  the  amplitude  and  period  of  changes  in  group  path.  The 
resolution  of  measuring  group  path  length  changes  was  about  1  psec.  On  thin  scale,  a  spectrum 
of  variations  due  presumable  to  TIDs  is  observed  even  on  the  quietest  days. 

3)  Pulse  characteristics  typically  do  not  change  much  on  a  time  scale  of  a  feu  seconds  but  often 
change  markedly  in  a  lew  minutes. 

4)  Detailed  analysis  of  selected  pulses  showed  that  the  time  shifts  of  multipath  components  could 
be  derived  for  the  simpler  cases. 

Ray  tracing  computations  of  dispersion  rates  and  polarization  effects  for  horizontally  stratified 
model  ionospheres  gave  reasonable  agreement  with  the  observations.  Multipath  time  delays  obtained  from 
ray-tracirg  computations  using  an  ionospheric  model  with  a  TID  perturbation  are  also  In  agreement  with 
the  range  of  observed  time-shifts. 

1.  INTRODUCTION 

for  several  decades,  the  most  widely  used  method  of  probing  the  earth's  ionosphere  has  involved 
the  use  of  pulsed  radio  signals  in  the  MF  and  Hi"  frequency  ranges.  The  duration  of  the  individual  pulses 
used  for  ionospheric  soundings  has  typically  been  ir.  the  range  20  to  1.60  psec.  Pulse  lengths  of  this 

range  provide  rc  tsonably  good  resolution  of  the  time  required  for  the  signal  to  travel  to  the  ionosphere 

and  back  to  the  receiver  (i.e.,  virtual  height  on  a  conventional  iouogram)  and  permit  the  use  tf  relatively 
narrow  bandwidth  receivers  (i.e.,  a  few  tens  of  KHz),  which  in  turn,  result  in  acceptable  signal-to-noise 
ratios  (of  the  returned  signal.)  for  transmitted  peak  pulse  powers  of  a  few  kilowatts.  The  techniques  for 
generating  such  pulses  and  recording  the  returned  signals  in  the  form  of  a  conventional  ionogram  have  long 
been  available, 

A  few  years  ago,  workers  at  the  Stanford  Research  Institute,  (for  a  description  of  the  system 
sec  Kaneliakos,  1969),  developed  pulse  transmitters  capable  of  radiating  electromagnetic  pulses  having 
durations  of  a  fraction  of  a  psec.  and  peak  power  of  many  megawatts.  The  Frequency  spectrum  of  these 
pulses  typically  peaks  a)  some  center  frequency  and  is  2  to  3  MHz.  wide  between  the  half-power  points. 

The  large  peak  power  available,  permits  the  use  of  wide  bandwidth  receivers  (i.e.,  the  returned  power  is 

sufficiently  large  that  interference  from  other  transmitters  within  the  bandpass  can  usually  be  overridden). 
Resolution  in  time  is  given  approximately  by  /i/y, where  y  is  the  receiver-  bandwidth;  thus,  a  receiving 
bandwidth  of  i.i  MHz  will  yield  a  time  resolution  of  about  1  psec. 

This  paper  deals  with  ionospheric  propagation  affects  on  such  pulses  over  a  1500  km  east-west  path 
and  the  use  of  the  received  pulses  as  a  diagnostic  in  the  stuly  of  travelling  ionospheric  disturbances. 

A  number  of  workers,  including  Sollfrey  (  !%S),  Price  (1968)  and  Instori  (1969),  lave  developed 
theoretical  expressions  for  the  propagation  and  reception  of  short  pulses.  He  will  use  the  elegant 
treatment  due  to  Wait  (1969)  in  discussing  the  subject.  Wait  assumes  a  Gaussian  shaped  envelope  for  the 
transmitted  pulse  (approximately  the  actual  shape),  which  implies  a  Gaussian  shaped  frequency  spectral 
curve,  hi  his  formulation,  1.he  time  function  of  the  pulse  is  represented  as 

f  (t)  -  F  -  “*  <  t  <  m  y 
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where  F  is  an  amplitude  factor,  u>  is  the  angular  carrier  frequency,  and  a  is  a  damping  coefficient. 
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This  Imads  to  the  expression 

F  <w)  =  Tq  (IT Vi)  exp  [  ~0a/C4ot*  )3  ,  (2) 

for  the  frequency  spectrum,  whero  @  -  d)  -  dj  .  Wait  goes  on  to  assume  a  transfer  function  P(uj)  for  the 
dispersive  propagation  path  which  is  approximated  in  the  vicinity  of  by 

I>((i))  *  |  P(wQ)  |  exp  [  -  1'!>(oj ) ]  ,  (3) 

where  $(dj)  =  ’flu)  )  +  (oa— oo  )  $*(d))  t 
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The  primes  indicate  derivatives  with  respect  to  4)  evaluated  at  d)  .  In  express io  i  4,  $>(w  )  -  oj  T , 
where  T  is  the  "phase  delay"  of  the  propagation  channel,  <P'(u)  )  =  x  is°the  "group  delay"  and 
t"(d)  )  =  1/(2W2),  where  W  is  a  "channel  bandwidth".  0  8 
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To  retain  expressions  which  can  be  evaluated  in  closed  form,  but  which  are  still  physically 
realistic,  a  Gaussian  receiver  bandpass  characteristic  is  assumed.  The  integral  product,  over  all 
frequencies,  of  the  spectrum  of  the  source  and  the  transfer  functions  of  the  propagation  channel  and  the 
receiver  channel,  yields  the  detected  transient  signal  to  be  expected  from  the  receivers; 
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where  K  is  the  product  of  the  constant  terms  and  y  is  the  receiver  bandwidth.  The  first  part  of 
expression  5  gives  the  phase  delay  component  while  the  second  gives  the  group  delay  effect  which  includes 
stretching  of  the  modulation  envelope  cf  the  pulse.  A  pulse  duration  is  defined  by  setting  the  second 
exponential  of  expression  5  equal  to  r  ^ 

exp  (t  -  x  )2/(t*)j,  where 
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The  stretching  of  a  wideband  pulse  can  be  visualized  from  a  conventional  ionogram.  The  change  in 
virtual  height  over  an  appropriate  frequency  range,  (say,  1  MHz),  represents  a  corresponding  change  in 
group  delay.  Obviously,  for  a  very  short  pulse,  all  of  the  frequency  components  are  transmitted 
essentially  simultaneously,  but  because  they  travel  slightly  different  paths  the  different  frequency 
components  are  separated  in  time  as  they  arrive  at  the  receiver.  The  treatment  by  Wait  assumes  linear 
dispersion,  i.e.,  phase  variations  to  the  second  order  are  included.  The  experimental  data  include  many 
examples  which  indicate  that  this  condition  is  often  satisfied.  Figure  1  shows  a  received  pulse  typical 
of  quiet  propagation  conditions.  The  upper  trace  is  a  record  of  the  RF  signal  received  at  18  MHz  while 
the  lower  trace  is  the  output  of  an  IF  channel  with  center  frequency  at  2  MHz  and  bandwidth  2  MHz.  The 
RF  signal  is  mixed  with  a  local  oscillator  offset  2  MHz  from  the  RF  center  frequency  and  the  difference 
frequency  fed  to  the  IF  channel.  The  IF  recording  shows  clearly  the  earlier  arrival,  of  the  lower 
frequency  components  of  the  signal,  followed  by  progressively  higher  frequencies.  The  oscilloscope  trace 
lasts  a  total  of  50  ysec .  and  the  pulse  has  a  duration  of  about  15  psec. 

On  the  other  hand  a  sizable  fraction  of  the  data  exhibit  more  complex  behavior  which  indicates  that 
the  dispersion  is  not  simple.  There  are  two  principal  ways  the  assumption  of  a  simple  linear  dispersion 
can  be  violated.  One  of  these  is  when  the  group  delay  versus  frequency  relationship  is  nonlinear,  and 
the  other  is  when  the  medium  exhibits  multiple  refringence.  The  best  known  source  of  birefringence  is  the 
polarization  splitting  of  the  signal  into  the  ordinary  and  extraordinary  modes.  A  second  source  is  the 
presence  of  spatial  structure  which  permits  multiple  paths  for  the  energy  to  travel  from  the  transmitter 
to  the  receiver.  An  analogous  situation  to  the  latter  case  is  viewing  the  sun  or  other  source  of  light 
reflected  in  a  body  of  water.  If  the  water  is  sufficiently  calm,  a  single  image  of  the  light  source  in 
reflected,  but  if  turbulence  or  waves  are  present,  the  image  is  seen  as  glints  which  spread  over  a  larger 
area  as  the  turbulence  increases. 

Our  concern  in  this  paper  is  primarily  in  the  more  complex  received  dara  which  wo  believe  often 
attributable  to  the  presence  of  travelling  ionospheric  disturbances  (TIDs).  Analytical  models  of  the 
TIDs  are  used  to  compute  anticipated  effects  on  short  pulses  which  are  then  compared  to  the  types  of 
effects  observed. 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

During  1969  and  1970,  the  Space  Disturbances  laboratory  of  the  National  Oceanic  and  Atmospheric 
Administration's  (NOAA)  Environmental  Research  Laboratories ,  and  the  Stanford  Research  Institute  (SRI), 
conducted  a  cooperative  experiment  to  study  the  oblique,  one-hop  HE  path  From  Palo  Alto,  California,  to 
Boulder,  Colorado,  a  distance  of  approximately  .1500  km.  SRI  transmitted  a  series  of  submicro  second 
pulses  at  a  center  frequency  of  18  MHz.  The  ti ansmitted  pulse  was  roughly  Gaussian  in  shape  with  e  peak 
power  of  tens  of  megawatts.  It  had  a  total  duration  of  approximately  .5  nsec,  and  a  spectrum  with  a 
fairly  flat  peak  and  fast  roll-offs  at  about  1  MHz  on  either  side  of  the  center  frequency  (Kanellakos, 
1969).  According  to  a  prearranged  schedule,  three  pulses,  spaced  2  sec  apart,  were  sent  at  the  beginning 
of  each  minute.  The  pulses  were  sent  during  daylight  hours  for  period?  of  several  consecutive  days  in 
September  and  November  1969  and  January,  February  and  March  1970. 
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At  Bou.ldur,  Colorado,  several  wideband  repe Ivors  and  triggered  oscilloscopes  were  synchronized  with 
the  trunsmi anions,  urid  the  ionospheriealiy  reflected  pulses  ,were  recorded  on  3  5 -mm  1‘i.l.m  for' later  analysis. 
During  the  course  of  the  experiment,  five  different  bandwjdths  (0.5,  1,  1.5,  2,  and  4  MHz)  were  used  to 
receive  tho  pulses.  Data  from  each  of  these  twtndwidths  have  been  scaled  and  analyzed,  but  the  majority 
of  the  analysis  has  been  done  on  the  0.5  MHz  bandwidth  data.  This  bandwidth  was  better  suited  to  analysis 
because  Interference  from  3trrong  CW  signals  waa  less  of  a  problem  than  on  tho  widqr  bandwidth  channels.  . 

Several  antenna  configurations  here  employed  during  the  course  of  the  experiment.  The  pulses  were 
at  first  received  on  a  sloping-V  antenna,'  However,  oar.ly  in  the  experiment  it;  became  clear1  that  the 
received  pulses  were  often  distorted  duo  tc  interference  between  the  Ordinary  (0)  and  Extraordinary  (X) 
modes  of  propagation.  Two  log  periodic  antennas  were  then  mounted  in  the  configuration  described  by 
Lomasney,  ot  al.  (1370)  so  that  the  incoming  signals  on  both  antennas  could  be  summed  or  differenced  to 
yield  an  0-  or  X-mode  circularly  polarised  cutout  signal.  The  effect  of  thane  antennas  on  a  CHIRP- 
lonosonde  signal  which  was  propagated  over  the  same  path  (Palo  Alto-Boulder) ,  is  seed  in  figure  2.  Both 
mooes  of  the  high  (Pederson)  ray  are  present  for  the  linear  .antennas  but  the  summed  antennas  effectively 
reject  the  X-modo.  Figure  3  shows  l’h«  effect  of  antenna  configuration  on  a  pulse,  lit  each  section,  the 
upper  trace  is  an  I'M  representation  (the  vertical  scale  is  proportion al  to  instantaneous  frequency)  of 
the  pulse;  the  full  width  of  the  oscilloscope  trace  is  again  50  |jsec.  The  boating  due  to  interference 
between  the  two  modes  is  pronounced  ou  the  linear  Antennas' but  esuputially  disappears  for  the  polarized 
case . 


The  scaling  procedure  used  for  the  data  is  illustrated  i,n  figure  4,  This  pulse  was  transmitted  from 
Palo  Alto  on  November  13,  1963,  at  2045:00  UT,  and  was  received  at  Boulder  several  milliseconds  later. with 
a  Slopc-V  antenna  nnd  a  1.5  MHz  bandwidth  receiver1  centered  at  the  transmission  frequency  of  18  MHz.  All 
of  the  data  frames,  which  were  recorded  on  35-mm  film,  were  enlarged  by  .11  to  1  and  printed  by  a  zerox, 
process  for  easier  and  more  accurate  scaling.  Four  values  were  scaled  from  each  data  frame;  the  tigiu  the 
pulse  began  and  ended,. the  pulse  amplitude,  and  the  background  interference  amplitude.  The  scaled  values, 
along  with  identification  and  pertinent  station  log , information  were  punched  onto  computer  cards  and 
eventually  written  onto  magnetic  tape  for  ease  of  processing.  Station  time  at  both  the  transmitter  and 
receiver  sites  was  maintained  to  within  a  few  usee,  so  the  total  travel  time  of  the  pulse  could  be 
measursd  very  accurately.  The  relative  pulse  delays  wore  obtained  from  the  data  frames  by  measuring  the 
title  from  the  beginning  of  the  oscilloscooe  trace  to  the  beginning  of  the  pulse.  Adjustments  to  the  scope 
trigger  were  made  as  needed  to  keep  the  pulse  centered,  and  these  adjustments  were  included  in  the  data 
processing  procedure. 


i 

The  dispersive  character  of  une  ionosphere  is  responsible  for  the  lengthening  of  a  sub-psec.  pulse 
into  a  signal  which  is  typically  several  usee,  in  duration.  In  figure  4,  the  pulse  was  dispersed  to 
approximately.  12  psoc.  Solving  equation  6  for  the,  "channel,  bandwidth"  of  ■►he  propagation  path  gives 


(7) 


For  the  pulse  of  figure  4,  a  is  taken  as  2x10*'  Hz  and  y  is  1.5x10*  Hz,  with  the  result  that  W  =  0,35  MHz.; 
A  further  result  given  by  Wait  yields  tne  receiver  bandwidth  which  will  produce  the  shortest  duration 
pulse;  1  .  ’ 

Y0  =  [(1/W*)  -  (1/a2)]-*5 


If  a  »  W,  then  obviously,  y  -  W,  i  e.,  for  a  wide  bandwidth  source,  the  receiver  bandwidth  should  equal 
the  "channel  bandwidth",  if  ^ha  shortest  pulse  possible  is  desired. 

3.  ANALYSTS  AND  RESULTS  1 


There  were  three  major  data  periods  of  3  to  5  days  each  during  which  data  were  analyzed.  These 
wore  November  1969,  and  January  arid  February  1970.  This  represents  54  hours  of  transmission,  70  percent 
of1  which  has  been  scaled.  In  all,  approximately  19,000  pulses  were  hand-scaled  and  used  for  the 
following  analysis.  A  fourth  transmission  period  was  scheduled  during  the  March  7,  1970  eclipse.  The 
latter  data  have  been  subjected  to  extensive  analysis  and  the  detailed  results  have  been  reported  by 
Lerfald,  et.  al.  (1972).  These  results  are  summarized  in  section' 3.2. 

figure  5  summarizes  the  pulse-length  information  for  the  three  data  periods;  The  November  data 
were  received  at  1.5  MHz,  so  using  equation  7,  a  lO-pseo.  pulse  length  implies  a  "channel  bandwidth"  ofj 
.35  MHz.  The  January  and  February  data  were  scaled  from  the  0.5  MHz  bandwidth  receiver  and,  therefore, 

.10  psec.  of  pul3e  length  implies  a  "channel  bandwidth"  of  .22  MHz . 

Examination  of  the  data  showed  that  the  ionosphere  was  reasonably  stable  over  a  few  seconds  of 
time.  Therefore,  tne  data  points  from  the  three  pulses  per  minute  were  averaged,  which  reduced  random 
scaling  errors,  and  allowed  for  simplified  data  display.  In  figure  6,  the  l-min.  averages  of  pulse  delays 
and  pulse  endings  have  been  plotted  for  November  L0.  The  pulse  length  is  represented  by  the  vertical  bar, 
and  the  vertical  scale  is  300  usee.  This  type  of  plot  was  foade  for  all  data  scaled.  Thirty  Msec.  of 
pulse  delay  corresponds  tc  a  change  of  10  Pm  of  virtual  reflection  height.  Periods  of  missing  data  are 
due  to  equipment  difficulties,  or  loss. of  signal, 

3.1  T1D  EFFECTS 

1 .  .  1  . 

The  variations  of  pulse  delay  on  Novenhpr  10,  1969  with  periods  of  about  30  minutes  seen  in 
figure  6,  are  typical  of  "“ravelling  ionospheric  disturbances  (TTD),  Also  during  this  time  period  pulse 
.lengths  began  small  (5-10  Msec.),  but  later  approached  30  psec ,  in  length.  Long  ptr  ses  are  more  difficult 
to  analyze  because  they  generally  have  a  great  deal  of  internal  structure  and  because  it  is  more  difficult 
to  keep  ti  em  or;  scope.  (Data  are  not  plotted  when  the  beginning  or  the  end  of  the  pulse  drifts  off  scope.) 
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figure  7  shows  data  taken  4  days  later.  The  characteristics  are  similar  to  the  November  10  data, 
but  with  generally  longer  pulse  lengths.  For  both  of  these  days,  there  were  no  observed  solai  flare*  and 
no  SID  activity. 

In  figures  8  and  9,  the  Boulder  magnetograms  for  these  2  days  nre  shown,  Novumbor  .10  is  fairly 
disturbed;  the  Kp  indices  are  mostly  in  the  range  4  to  5  with  a  6-  from  1200  to  .1400,  but:  an  November  14, 
the  magnetic  field  was  extremely  quiet.  Since  the  pulse  data  for  these  2  days  are  very  similar,  th.tre  in 
no  apparent,  correlation  of  pulse  data  parameters  with  the  Boulder  magnetic  field  for  mild  or  moderately 
disturbed  conditions.  Tho  largest  pulse  delay  changes  obsorvod  were  recorded  on  February  18,  1970  and 
are  shown  in  figure  10.  Here,  the  pulse  data  are  displayed  in  the  same  way  as  the  November  data.  The 
added  points  with  the  connecting  solid  line  show  relative  group  delay  at  18  MHz  pealed  i'vom  the  CHIRP 
lonosonde  system  which  ran  concurrently  with  the  pulse  system  on  thin  day.  The  feature  of  interest  is  the 
excursion  during  which  the  pulses  were  not  tracked.  E-layer  Doppler  records  from  Longhranch,  Illinois  to 
Boulder,  Colorado,  show  no  similar  feature  on  this  day.  Vertical  ionograms  from  Stanford,  California, 

Pt.  Arguello,  California,  Boulder,  Colorado,  and  White  Sands,  New  Mexico,  were  scaled  in  an  attempt  to 
trace  the  direction  and  velocity  of  this  feature,  but  poor  time  resolution  (only  1  polnt/15  min.)  limited 
the  usefulness  of  this  information.  However,  during  these  times,  Faraday  rotation  data  flora  ATS-1  were 
being  collected  by  Drs .  A.V.  da  Rosa  and  Michael  Davis  of  Stanford  University  and  Dr.  IVod  Smith  of 
Colorado  State  University  and  were  kindly  made  available  to  us. 

These  data  were  processed  to  remove  diurnal  trends,  and  are  shown  in  figure  11.  By  superimposing  r(ie 
pulse  and  satellite  data,  the  feature  was  identified  at  the  times  listed  in  table  1.  Satellite  data 
maxima  correspond  to  the  pulse  delay  minimum  because  increasing  Faraday  rotations  imply  increasing  total 
columnar  electron  content  and,  therefore,  decreasing  pulse  travel  times. 

Assuming  a  plane  wave  front  advancing  uniformly,  the  disturbance  came  from  the  southeast  (M15H°E)  at 
approximately  40  m/sec.  Realistically,  TID's  do  not  propagate  uniformly  but  are  effected  by  local  winds 
at  the  height  of  propagation.  Also,  the  feature  identification  on  the  ATS-1  Ft.  Collins  path  is  not  as 
positive  as  for  the  Stanford  path.  The  origin  of  the  disturbance  is  unknown,  especially  considering  the 
lack  of  general  magnetic  activity  and  the  apparent  direction  of  propagation.  Work  to  trace  the  origin  to 
the  troposphere  was  inconclusive.  The  basis  for  this  effort  was  a  papei  entitled  "Jetstream  Activity 
Detected  as  Wave-like  Disturbances  at  Mid-Latitude  Ionospheric  F-Region  Heights",  by  Cl.  B.  Goe  (197,1). 

To  our  knowledge  there  were  no  major  natural  or  unnatural  catastrophic  events  which  might  nave  triggered 
this  disturbance. 


Table  1.  Arrival  Times  for  the  TXD 
of  February  18,  1979. 


Path 

Location 

Time  of  Maximum 
Faraday  Rc.tation(UT) 

Stanford -Boulder 
pulse  midpoint 

39°05'N,  113°52'W 

1900 

ATS-.l-Stanford 
(300  km  alt. ) 

34°35'N,  125°W 

1840 

ATS-l-FT.  Collins 
(300  km  alt. ) 

37°26'N,  110°15'W 

1700 

3.2  SOLAR  ECLIPSE  DATA 

Experimental  radio  sounding  data  collected  on  March  7,  1970  have  been  analyzed  with  primary  interest 
in  detecting  any  travelling  ionospheric  disturbances  generated  by  the  solar  eclipse  of  that  day,  as 
postulated  by  Chimonas  and  Hines  (1970).  Data  were  obtained  from  the  short  pulse  experiment  and  two 
oblique  and  four  vertical  incidence  ionospheric  sounders  operating  during  a  li-8  hour  daytime  period 
centered  on  the  solar  eclipse.  In  addition  to  the  Palo  Alto-Boulder  CHIRP  sounder,  a  CHIRP  system  was 
operated  by  the  Stanford  Research  Institute  between  Bearden,  Arkansas  and  Los  Banos,  California. 

Geographic  locations  of  the  sounders  and  of  the  oblique  path  midpoints  are  shown  in  figure  17. 

Relative  delay  times  at  various  frequencies  were  scaled  from  the  oblique  ionograms  at  1  iri’"r.ut:e 
(Palo  Alto-Boulder)  and  2  minute  (Bearden-Los  Banos)  intervals.  These  data  were  then  processed  by  a 
digital  computer  ajjd  plotted  by  a  CRT  plotter.  Figure  13  is  an  example  of  these  scaled  CHIRP  ionograms  for 
the  Beardan-Los  Banos  path,  where  relative  group  delay  is  plotted  versus  time  for  several  frequencies. 

The  extraordinary  mode  on  vertical  lonosonde  data  from  Boulder,  Colorado;  White  Sands,  New  Mexico;  Point 
Arguello,  California;  and  Mexico  City,  Mexico  was  similarly  analysed. 

Data  from  the  short  pulse  experiment  are  presented  in  figure  14,  which  shows  the  variation  of  the 
starting  times  of  the  received  pulses  relative  to  time  of  transmission  of  the  pulses  (dashed  curve)  and 
the  duration  of  individual  pulses  (solid  curve)  in  ysec.  The  solid  curve  shews  several  peaks  in  the  pulca 
length  parameter.  These  coincide  with  times  when  the  pulse  delay  is  tending  toward  a  maximum  and  may  be 
indicative  of  multipath  conditions  which  are  likely  to  occur  when  the  reflection  region  is  in  the  "rarefied" 
portion  of  a  pressure  wave  travelling  approximately  perpendicular  to  the  ray  path.  At  such  times,  rays  which 
leave  the  transmitter  at  azimuth  angles  slightly  off  the  great  circle  path  to  the  receiver,  may  be 
refracted  sufficiently  to  cause  focusing  and  pulse  lengthening.  Displacement  of  the  peaks  in  pulse  length 
with  respect  to  the  corresponding  peaks  in  times  of  pulse  starts  in  qualitatively  consistent  with  tilts 
in  the  isoelectronic  contours  within  a  travelling  disturbance. 
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Parti*!  olucuravion  of  the  solar  disc  during  the  eclipse  reduces  the  ionizing  radiation  flux  and 
this  rill  usually  result  in  a  reduction  In  electron  concentration  at  any  specific  height.  For  example, 
at  Mexico  city,  on  9  MHz,  a  100  km  virtual  height  increase  peaks  at  1755  GMT,  about  25  minutes  after 
maximum  obscuration.  At  the  northern  stations,  where  thin  effect  will  bit  leas,  changes  in  reflection 
heights  related  to  the  eclipse  shadow  are  masked  by  other  disturbances . 

Study  of  the  sounder  data  at  the  several  stations  indicates  that  Tills  travelling  in  a  generally 
north-to-south  direction  were  present  between  1600  and  1030  CMT.  Passage  of  a  TID  is  manifest  on  the 
Boulder  (1614  GMT)  and  Point  Arguello  (1628  GMT)  ionograms  by  "forked"  satellite  trains.  The  peak  arrival 
times  are  consistent  with  a  wave  travelling  at  400  m/sec.  from  an  azimuth  about  355  do  greet,  (east  of  north). 

Chi.ionas  and  Hines  (1970)  predicted  focusing  of  different  bow  wave  compono  ts,  from  the  postulated 
TID,  near  California  just  after  1900  GMT.  Generally  in  our  data  between  1030  and  ,1930  GMT  there  are 
only  small  scale  fluctuations  with  a  gradual  decay  In  virtual  height  which  coincides  with  the  uncovering 
of  the  sun.  Exceptions  to  this  statement  are  the  oscillations  in  the  Palo  Alto  to  Boulder  data  from  1900 
to  2000  GMT  which  might  have  resulted  from  continuation  of  the  Tibs  observed  earlier.  Also,  at  3oulder  a 
30  km  virtual  height  increase  at  1025  GMT  does  not  appear  elsewhere.  Hence,  there  is  no  evidence  of  an 
eclipse  induced  TID  dtu'ing  the  1830-1920  period. 

Between  1930  and  2030  a  disturbance  with  a  generally  cast-to-west  direction  of  travel  was  observed. 
The  direction  of  arrival  is  60-70°  away  from  that  predicted  for  ar.  idealized  bow  wave  generated  by  the 
moving  eclipse  shadow  (M49°  east  of  north).  The  difference  could  urine  from  tht  assumptions  about  the 
propagation  of  the  postulated  disturbance  from  the  eclipse  path  to  the  observing  sites,  or  ar.  eclipse- 
generated  disturbance  could  suffer  interference  from  other  travelling  disturbances  to  give  a  modified 
apparent  direction  of  travel.  Based  on  our  data  it  is  not  possible  to  attribute  conclusively  this  TID 
to  the  eclipse. 

3.3  CORRELATION  STUDIES 

To  check  the  dependence  of  pulse  delay,  length,  amplitude,  and  background  amplitude  on  each  other, 
and  on  solar  renlth  angle,  cross -correlation  studios  were  done  for  six  selected  intervals  of  data 
encompassing  approximately  16  hours  of  data.  The  data  were  selected  to  exclude  periods  during  which  the 
receiver  gain  c:  center  frequency  were  changed.  Tor  every  case,  the  two  quantities  being  correlated  were 
also  comouter  plotted  trith  one  as  a  function  of  the  other.  After  inspecting  the  plots  for  non-zero  time 
lugs  and  the  appropriateness  of  linear  correlation,  more  sophisticated  correlation  techniques  were 
deerntd  unnecessary. 

Pulse  delay  f.nd  the  rate  of  change  of  pulse  delay  were  shown  to  be  uncorrelated  with  pulse  length 
for  the  cases  tried.  However,  ore  can  construct  specific  cases  for  whic.h  the  ionospheric  dispersion  is 
nonlinear  over  a  small  interval  of  frequency.  Then,  increasing  di3per3ion( i .e . ,  pulse  length)  and 
increasing  path  length  would  be  correlated. 

Pulse  delay  and  pulse  length  were  Interpreted  as  uncorrelated  with  pulse  and  background  amplitude. 

An  apparent  slightly  positive  mathematical  result  between  pulse  delay  and  background  amplitude,  and  pulse 
length,  pulse,  and  background  amplitudes  is  attributable  to  a  bias  in  the  scaling  procedure.  If  a  pulse 
uas  a  large  signal  to  noise  ratio  the  scaler  is  able  to  determine  more  accurately  the  time  of  pulse  start 
and  end. 

The  experimental  conditions  were  such  that  the  measurements  were  conducted  between  the  hours  1700 
IT  (10:00  a.m  ,  KST)  and  '1400  UT  (5:00  p.m.,  MST).  Therefore,  the  solar  elevation  at  the  path  midpoint 
ranged  from  a  high  near  42°  ip  February  to  a  lot;  near  5°  in  November.  The  correlation  computations  show 
no  strong  dependencies  among  the  variables,  but  pulse  delay  was  always  positively  correlated  with  solar- 
elevation  angle  and  pulse  length  was  generally  negatively  correlated.  Pulse  amplitudes  were  uncorrelatfcd 
with  solar  elevation,  but  background  amplitude  correlations  fluctuated  from  case  to  case  and  showed  a  wide 
range  of  values.  Apparently  the  noise  sources  were  variable  and  external  to  experimental  parameters. 

Figures  15  and  16  show  frequencies  of  pulses  spaced  by  one  minute  intervals  in  time.  Pulse  durations  and 
neak  amplitudes  remain  fairly  constant  in  each  sequence,  but  there  is  considerable  complexity  in  the 
detailed  structure  of  each  pulse.  We  believe  that  the  modulation  seen  within  these  pulses  is  the  result 
of  time-shifted  wavetrains  (cue  to  multiple  reflection  points  in  the  ionosphere)  which  interfere  with  one 
another  when  mixed  In  the  receiver.  From  figure  15,  two  multipath  components  with  group  delays  differing 
by  about  3  |:cec,  and  a  third  component  displaced  in  time  by  12-15  psec .  are  Implied. 

Those  type  of  data  tend  to  occur  during  tines  when  other  evidence  indicates  the  passage  of  TIDs. 
Computations  of  expected  multipath  effects  using  ray  tracing  through  reasonable  TID  models  are  described 
in  tnis  next  section  of  this  report  with  results  that  support  the  magnitudes  of  multipath  time-shifts 
observed  on  the  pulse  data. 

4.  RAY- TRACE  STUBiEG 


The  purpose  rf  this  study  was  to  investigate  -lit*  temporal  relationships  between  various  homed 
multipath  componento  of  a  monociir o-ratic  signal  propagated  through  a  travelling  disturbance.  For  this  study 
the  ionospheric,  electron  density  model  consisted  of  an  a-Chupruan  layer  on  a  curved  earth  with  no  magnetic 
field  and  no  collisions,  but  with  a  perturbation  consisting  of  a  "gravr  y-wave"  irregularity  travelling 
from  the  north  to  the  south.  The  electron  density,  N,  is  given  by 

N  -  N  (It A) 
o 

A  -  tf  (exp-  (K-P  -2  )/H  1  *  cos2tt(  t '  +  (w/2-e)R  /X 

v  r  o  o  ox 

(R -«0VA  )• 


Th«  earth's  radius  is  K  ;  H,  0,  are  earth-centered  spherical  coord  {nates ,  NU(R,  0 .  <(> )  1m  the 
u-Chapman  electron  density  mcdSl.  The  perturbation.  A,  has  a  Gaussian  amplitude  distribution  about 
height  Z  ,  and  vertical  and  horizontal  wavelengths  X,  and  \  ,  respectively.  An  example  of  propagation 
near  vertical  Incidence  Into  a  Til)  with  a  100  km  horfzontdl*wavelength  Is  shown  In  figure  17. 

Model  studies  for  the  nonhomogeneous  ionosphere  were  based  on  a  three-dimensional  ray-tracing 
program  developed  by  R.  M.  Jones  (1966).  This  computer  program  calculated  ray  paths  through  a  medium 
whoso  index  of  refraction  varies  in  three  dlmenf) io;i3 .  Six  differential  equations  similar  to  those 
described  by  Haselgrovo  (.1954)  aro  numerically  integrated.  Additional  differential  equations  are 
integrated  which  supply  supplemental  information  such  as  a  group  path,  phase  path,  absorption,  and 
Doppler  shift. 

Some  general  properties  of  HF  propagation  tlirough  travelling  disturbances  are  illustrated  In 
the  next  two  figures.  Figure  18  is  a  ground  projection  of  rays  transmitted  at  a  constant  elevation  angle 
and  swept  tlirough  a  small  range  of  azimuth  angles.  It  shows  the  variations  in  range  and  final  azimuth 
that  can  occur  when  propagating  through  an  irregularity. 

Figure  19  illustrates  a  number  of  points.  In  both  figures  the  dashed  line  represents  calculations 
from  a  concentric  ionosphere  and  the  solid  curves  represent  calculations  for  a  wave  model  with  a 
..orizontal  wavelength  of  100  km.  Both  are  for  a  frequency  of  17  MHz.  The  solid  range-elevation  curve  on 
the  left  shows  elevation  focusing  and  defect  sing .  Focusing  occurs  when  the  rate  of  change  of  range  with 
respect  to  elevation  angle  is  small.  This  corresponds  to  reflection  from  concave  portions  of  isoionic 
contours. 

The  curve  on  the  right  shows  the  variations  in  the  azimuth  of  the  landing  point  with  respect  to  the 
transmitted  azimuth  for  a  constant  elevation  angle,  6.  Analogous  to  elevation  focusing,  azimuthal 
focusing  takes  place  when  rays  transmitted  at  different  azimuth  angles  land  at  the  same  azimuth  from  the 
transmitter . 

This  plot  permits  determination  of  whether  or  not  multipath  focusing  is  possible  for  any  set  of 
ray  trace  parameters.  If  the  solid  curve  contains  only  inflection  points  and  no  local  minima,  no  multipath 
focusing  is  possible.  This  will  happen  when  the  ruy  does  not  penetrate  very  far  into  the  disturbed  region 
or  when  the  TID  wavelength  is  very  long.  In  either  case  the  horizontal  gradients  in  electron  density 
at  reflection  heights  are  not  great  enough  to  permit  azimuthal  focusing. 

Even  when  azimuthal  focusing  does  exist,  however,  the  range  at  which  these  rays  land  is  usually 
different  from  each  other.  By  varying  the  elevations  we  can  construct  a  family  of  curves  in  the  G,  (p 
plane  as  shown  in  figure  20.  The  sweep  of  elevation  angles  is  made  large  enough  to  include  the  homing 
range,  if  it  exists,  at  any  particular  landing  azimuth.  Since  the  ray  tracing  program  does  not  have  a 
homing  feature,  a  procedure  was  developed  to  scan  through  a  range  of  azimuth  and  elevation  angles  and  ray 
path  parameters  such  as  range,  group  and  phase  path,  and  azimuth  and  elevation  deviations  were  computed 
and  then  output  onto  punched  cards.  Using  these  data,  homing  on  a  given  range  and  azimuth  is  accomplished 
using  a  Lagrangian  interpolation  scheme. 

Calculations  were  restricted  to  nearly  east-west  propagation  at  18  MHz  and  a  homing  range  of  1500 
km.  These  parameters  are  approximately  those  of  the  short  pulse  experiment.  The  a-Chapman  model 
parameters  used  in  the  ray  trace  study  were  f  =  8  MHz,  H  =  250  km,  scale  height  =  62  km.  The  MUF 
with  this  model  at  a  range  of  1500  is  about  22cMHz,  which  is  near  the  observed  MUF  during  midday.  All 
TID  models  used  had  the  maximum  wave  amplitude  at  a  height  of  250  km  and  a  vertical  wavelength  of  100  km. 
Horizontal  wavelengths  of  50,  .100,  and  300  km  have  been  used  with  10  and  15  percent  wave  amplitude 
perturbations. 

For  a  model  TID  with  50  km  wavelength  and  10  percent  perturbation  the  group  path  variations  between 
the  different  homed  rays  range  from  4  to  18  km  which  corresponds  to  group  delay  variations  of  from  12  to 
over  50  microseconds.  Rays  were  homed  over  elevation  and  azimuth  ranges  of  1  and  3  degrees,  respectively. 
For  the  model  parameters  used  the  reflection  heights  are  in  the  160-170  km  range.  With  the  height  of 
maximum  wave  amplitude  at  250  km  the  wave  perturbation  at  the  165  km  level  is  around  4  percent.  Even 
though  this  is  large  enough  for  multipath  focusing  from  the  50  km  TID  with  a  10  percent  perturbation  it  is 
not  the  case  for  irregularities  with  horizontal  wavelengths  greater  than  about  100  km. 

For  a  TID  with  a  100  km  horizontal  wavelength  and  a  15  percent  perturbation  amplitude  we  obtained 
multipath  focusing  with  ranges  of  delay  time,  azimuth  and  elevation  angles  of  up  to  80  Usee.,  6  and  3 
degrees,  respectively.  No  multipath  focusing  was  obtained  for  a  TID  with  a  300  km  horizontal  wavelength 
and  a  15  percent  perturbation  amplitude. 

5.  CONCLUSIONS 

The  following  conclusions  are  drawn  from  the  analysis  and  interpretation  of  the  data  described 

above : 

(1)  The  use  of  very  short  HF  pulses  to  study  ionospheric  propagation  provides  unique  information 
on  the  propagation  mechanisms.  The  method  provides  a  physical  analog  to  the  powerful 
mathematical  technique  of  using  delta  function  analysis  of  a  frequency-dependent  system. 

(2)  At  times  the  ionospheric  response  exhibits  in  a  textbook  manner  the  expected  behavior  based  on 
magnetoionic  theory.  This  is  true  for  the  effects  of  dispersion  and  magnetoionic  splitting 
of  the  signal  into  the  ordinary  and  extra-ordinary  modes. 

(3)  For  the  1500-km  ranee,  polarized  antennas  can  be  used  to  reiect  one  of  the  circularly 
polarized  modes  with  sufficient  efficiency  to  eliminate  an  appreciable  fraction  of  the  effect 
of  magnetoionic  splitting.  This  may  not  be  the  case  for  larger  ranges  where  the  signal 
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arrives  with  very  small  elevation  angles, 

(4)  During  an  appreciable  fraction  of  the  total  observing  time,  the  pulse  signals  exhibit1  complex 
behavior  which  is  not  explainable  by  the  classical  propagation  effects  tlirough  a  smooth 
ionosphere.  Analysis  results  point  to  spatial  nonhomogenlety  in  the  ionosphere  as  being 
responsible  for  small-scale  multipath  effects  which  can  account  for  the  complex  behavior 
observed.  The  longest  continuous  period  of  complicated  pulse  structure  occurred  on 
February  13,  1970,  accompanying  the  passage  of  travelling  ionospheric  disturbances  of 
unusually  large  amplitude  (virtual  height  changes  of  approximately  60  km  peak  to  peak). 
However,  the  nonhomogeneitins  were  net  severe  enough  to  appear  as  "Spread  F"  on  the  concurrent 
CHIRP  ionograms.  This  is  not  surprising  because  the  pulse  technique  is  capable  of  detecting 
much  smaller  changes  than  can  be  resolved  on  an  ionogram  record. 

(5)  Ray-tracing  calculations  through  model  ionospheres  having  idealized  wave-like  structure  yield 
the  result  that  the  multipath  delays  can  be  accounted  for  by  reasonable  parameters  of  the  said 
model . 

(6)  The  implication  to  ccmnunicatlons  which  propagate  through  the  ionosphere  is  that  ionospheric 
nonhomogeneities  will  very  likely  be  the  limiting  factor  in  data-b.it  rates  and  phase  delays 
even  at  much  higher  frequencies  than  HF.  It  is,  therefore,  important  to  advance  our  knowledge 
and  understanding  of  th~.  irregular  structure  in  the  ionosphere  and  the  effect  such  structure 
has  on  signals  propagating  through  the  medium. 
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Figure  4 


Example  of  HF  pulse  received  at  Boulder,  Colo,  from  Palo  Alto,  Calif.  (''d.?00  km) 


Figure  5 


Histograms  sticking  the  distribution  of  pulse  lengths  for  experimental  data. 
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Figure  7 


Pulse  delay  and  length  for  November  14,  1969. 
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Figure  10  Pulse  delay  end  length  and  CHIRP  scalings  for  February  18,  1970. 


1  ATS- 1  satellite  Faraday  rotation  angles  vs.  time  as  measured  at  Stanford,  Calif,  and 

Ft.  Collins,  Colo.  Arrows  denote  the  Feature  of  interest. 
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Figure  13 


12  Location  of  vortical  incidence  sounders  and  oblique  path  midpoints  in  southwestern  USA. 
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Relative  groups  delay  seeled  iron  oblique  iunogv'ims  between  BearLn,  Arkansas  and  Los  BaiVos, 
California  for  probing  frequencies  at  2  MHr  Intervals. 
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Figure  16  Example  of  consecutive  pulses  propagated  through  a  complex  ionosphere  (Nov.  14,  1969). 
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Figure  17 


An  example  of  near  vertical  propagation  into  an  ionosphere  with  a  gravity  wave  perturbation 
as  described  in  the  text. 
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Figure  18  Projection  of  ea3t-west  propagation  onto  the  ground  plane  for  an  east -west  aligned  irreg'  lar 

ionosphere. 


Figure  19  (Courtesy  of  T.H.  Georges  and  J.J.  Stephenson).  Distortion  of  a  range-elevation  diagrar.i 

(left)  and  a  landing  point  azimuth-transmission  azimuth  diagram  (right)  in  the  presence  of 
travelling  disturbances. 
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PERTURBATIONS  lONOSPHtRIQUES  ITINERANTES  ENGENDREES  PAR  DES  EXPLOSIONS 
NUCLEAIRES  A  FAIBLE  ALTITUDE 


par 
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SCMMAIRE 


A  la  auite  da  deux  import  antes  explosions  nuclSaires  ay  ant  eu  lieu  A  Novaya  Zealya,  respec- 
tivement  les  23  et  31  octobre  1951,  on  enregistra  au-dessuo  de  la  Scandinavie  des  perturbations 
ionosphSriques  se  dSplagant  A  une  vitcsse  maxim  ale  de  «  630  m/B,  Le*  perturbations  affectant  1*  io¬ 
nosphere  Staient  part  iculiSrement  marquees  dans  la  region  F,  courts  le  rSvAlent  les  ionograomes  et 
les  profils  hauteur  r Sella.  Lorsque  la  preaiSre  onde  arrive,  on  observa  une  augmentation  spontanSe 
de  la  hauteur  de  la  couche  F-2,  auivie  d'un  fractionnemrnt  de  la  couche  F,  et  d'une  phase  plus  lente 
de  retour  A  la  normale.  Au  niveau  E,  une  couche  E  sporadique  apparut  eve c  un  certain  dSlai,  et  I'io- 
nisation  de  la  rSgion  D  s'accrut  au  cours  de  deux  courtes  pSriodes,  avcc  un  retard  d'une  heure  envi¬ 
ron  par  rapport  A  la  perturbation  de  la  couche  F,  On  peut  expliqusr  les  dSlaia  survenant  entre  les 
perturbations  aux  diffSrents  niveaux  de  I'ionosphAre  grace  aux  rSsultats  d'Studes,  par  trajectogra- 
phie,  de  la  propagation  des  ondea  acoustiques  et  de  gravitS, 
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TRAVELLINO  IONOSPHERIC  DISTURBANCES  INITIATED 
BY  LOW-ALTITUDE  NUCLEAR  EXPLOSIONS 


W.  Steffregqn 

Uppsala  Ionospheric  Observatory 
S-755  90  Uppsala,  Sweden 


SUMMARY 


After  the  two  large  nuclear  explosions  at  Novaya  Zemlya  on  October  23  and  30,  1961, 
ionospheric  disturbances  travelling  with  a  maximum  velocity  of  •=630  m/s  were  recorded  over 
the  Scandinavian  area.  The  disturbances  in  the  ionosphere  were  most  pronounced  in  the  F- 
region,  as  is  evident  from  the  ionograms  and  real-height  profiles.  When  the  first  wave 
arrived,  a  spontaneous  increase  of  the  height  of  th.  F2-layer  was  observed,  followed  by 
splitting  of  the  F-layer  and  a  slower  phase  of  recovery.  At  the  E-level,  a  sporadic  E- 
layer  occurred  with  some  delay  and  the  D-region  ionization  increased  during  two  short 
periods  with  a  delay  of  about  one  hour  with  respect  to  the  disturbance  in  the  F-layer.  The 
time  delay  of  the  disturbances  at  different  levels  of  the  ionosphere  can  be  explained  by 
the  results  of  ray-tracing  studies  of  the  propagation  of  acoustic  gravity  waves. 

1.  INTRODUCTION 

In  the  course  of  the  series  of  nuclear  tests  at  Novaya  Zemlya  during  196l>  the 
influence  on  the  ionosphere  was  studied  at  the  observatories  at  Kiruna,  Lycksele  and  Upp¬ 
sala  by  making  vertical  ionospheric  soundings.  The  distances  between  the  test  arec  and 
these  observatories  are  approximately  1300  km,  1650  km  and  2100  km  respectively.  Some 
interesting  records  were  also  obtained  from  the  16.8-MHz  backscatter  sounder,  operating 
at  Uppsala.  The  16-mm  backscatter  film  records  are  converted  into  diagrams  which  show  the 
travelling  disturbances  in  a  concentrated  manner.  The  results  of  both  the  vertical  and 
the  oblique  soundings  have  been  assembled  in  a  report  (STQFFREGEN,  W. ,  1962).  The  aim  of 
this  paper  is  to  summarize  briefly  the  main  results,  including  real-height,  profiles 
produced  more  recently,  and  to  discuss  the  time  difference  between  the  disturbances 
observed  at  different  levels  in  the  ionosphere. 

2.  OBSERVATION  OF  IONOSPHERIC  DISTURBANCES 

2.1  Vertical  soundings 

The  large  nuclear  explosion  of  October  30  at  =0933  hours  gave  rise  to  violent 
disturbances  in  the  ionosphere,  which  were  observable  at.  great  distances.  At  Lycksele, 
=1650  km  away  from  the  detonation  area,  ionospheric  records  were  made  at  3-minute 
intervals.  The  records,  assembled  in  Fig.  38-1,  show  a  number  of  interesting  details.  The 
whole  structure  of  the  ionosphere  from  the  D-  to  the  F-region  was  changed  during  two 
successive  periods.  At  Kiruna  and  at  Uppsala  a  similar  behaviour  of  the  ionosphere  was 
observed.  The  following  sequences  of  events  during  the  overhead  passage  of  the  •••/  are 

of  special  interest: 

a)  The  F2-layer  showed  a  '.ery  pronounced  division  near  3.5  MHz  at  1010.  At  the 
time  the  layer  rapidly  moved  upwards.  This  effect  is  seen  even  better  on  the  reco' .u  uc 
1046-1058,  when  the  second  wave  arrived  at  the  position  of  Lycksele.  At  that  time  the 
layer  was  split  into  two  levels  similar  to  the  formation  of  an  FI-  and  F2-layer.  Cusps 
going  up  to  a  virtual  height  of  about  700  km  are  seen  on  the  records  between  1128-1134 
and  at  1246,  indicating  strong  vertical  motions.  A  remarkable  destruction  of  the  F-layer 
was  observed  during  1122-1207,  i.e.  after  the  passage  of  the  first  and  the  second  waves. 

b)  At  the  level  of  about  100  km,  a  sudden  increase  of  the  critical  frequency  of  an 
Es-layer  was  observed  at  1016.  After  1046,  the  critical  frequency  cf  a  slightly  higher 
Es-layer  increased  and  remained  for  a  longer  time,  except  for  two  short  periods  of 
absorption  due  to  D-layer  ionization. 

c)  Increased  ionization  in  the  D-region  was  observed  during  two  short  periods,  as  is 
evident  from  the  increase  of  f-min.  The  two  periods  appear  at  1058-1110  and  1218-1231. 

Real-height  profiles  and  plots  of  the  height  of  the  F-layer  are  shown  in  Fig.  38-2. 
The  two  drastic  changes  of  the  profiles  to  higher  levels  at  1010  and  at  1052  indicate  the 
arrival  of  the  wave  fronts  overhead.  The  height  variations  seen  on  the  plot  to  the  right 
show  the  steep  increase  at  that  time.  The  profiles  further  demonstrate  the  descent  of  the 
F2-layer  to  a  rather  low  level  at  1028  before  the  recovery  to  a  nearly  normal  profile  at 
1034  and  1040.  In  the  lower  part  of  the  figure  to  the  right,  the  increase  of  ionization 
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in  the  E-  and  D-region  is  shown.  The  Es  ionization  increases  about  1)0  minutes  later  than 
the  first  disturbance  at  the  F2-height.  In  the  D-region  the  corresponding  delay  is  about 
50  minutes.  The  phase  in  which  the  F-layer  was  greatly  distorted  is  marked  in  the  figure 
as  "spread  reflections". 


2.2  Backscatter  records 

The  backscatter  sounder  at  Uppsala,  which  operates  on  16.8  MHz,  produces  one 
picture  each  minute  on  16-mm  film.  Travelling  disturbances  can  easily  be  detected,  when 
the  ionization  in  the  F-layer  is  just  great  enough  to  obtain  oblique  incident  reflections 
at  this  frequency.  During  October  30,  1961,  the  ionization  was  slightly  below  this  limit, 
and  henc.e  the  pattern  visible  on  the  screen  indicated  such  reflections  only,  which  were 
associated  with  the  travelling  waves  initiated  by  the  explosion.  To  the  left  of  Fig.  38-3, 
a  number  of  the  records  have  been  redrawn.  Because  of  the  skip  distance,  which  in  this 
actual  case  was  =1000  km,  the  pattern  moves  around  the  centre  of  the  screen  from  NE.  to 
SW.  (1051-1111).  The  information  from  this  film  has  been  converted  into  diagrams  B  and  C, 
in  order  to  show  the  waves  more  clearly.  The  ionospheric  conditions  were  more  favourable 
during  October  23.  The  travelling  disturbances  caused  by  the  nuclear  explosion  at  0930 
are  indicated  by  arrows  to  distinguish  them  from  other  reflections.  In  diagrams  3  and  C , 
the  waves  can  be  followed  through  the  different  sectors  from  N.  to  S.  It  appears  also 
that  the  waves  are  longer  to  the  south  than  at  their  fir3t  appearance  in  the  northern 
sector.  The  notations  a  and  b  show  that  the  drastic  change  of  the  height  of  the  F-layer 
is  still  very  pronounced  at  a  distance  of  =3500  km  from  the  source.  Diagram  C  is  a  good 
example  of  how  travelling  waves  observed  by  a  backscatter  sounder  can  easily  be  detected. 
In  fact,  similar  waves  of  an  other  origin  have  been  studied  in  this  way. 

3.  DISCUSSION  OF  THE  OBSERVATIONS 


The  large-scale  disturbances  in  the  ionosphere  resulting  from  low-altitude  nuclear 
detonations  are  interpreted  as  a  secondary  effect  of  the  acoustic  gravity  waves,  which  are 
generated  by  the  explosion.  It  is  suggested  that  the  coupling  between  these  waves  and  the 
ionized  medium  is  due  to  collisions.  The  plasma-density  changes  recorded  by  .ionosondes 
thus  give  information  on  the  periods  and  the  velocity  of  the  acoustic  gravity  waves.  Of 
special  interest  is  the  time  delay  of  the  perturbances  at  lower  levels  in  the  ionosphere. 
These  details  are  not  yet  fully  understood  and  are  still  the  subject  of  study.  It  seems, 
however,  that  ray-tracing  of  the  motion  of  shock  waves  up  to  ionospheric  heights  may 
explain  the  different  behaviour  in  the  F2-,  E-  and  D-layers.  Backscatter  records 
demonstrate  the  motion  of  the  travelling  waves  in  one  preferred  direction  only,  because 
of  the  aspect  sensitivity  of  the  reflection  area.  Since  the  waves  from  the  source 
propagate  in  all  directions,  the  records  may  include  certain  reflections  originating  from 
discontinuities  somewhat  aside  from  the  main  direction.  This  ha3  to  be  taken  into  account 
in  the  analysis  of  the  records. 

it.  GENERAL  INFORMATION 

4.1  Reference 

STOFFREGEN,  W.,  1962,  " Jonosf&rstSrningar  observerade  i  samband  med  kSrnladdnings- 
prov  vid  Novaja  Semlja  den  23  och  30  oktober  1961",  Report  No.  10,  Uppsala  Ionospheric 
Observatory  (in  Swedish). 
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I-'ig.l  lonosphciic  rccoids  made  dm  October  JO,  Idol,  showing  various  disturbances  when  the  travelling  waves 

initiated  by  the  nuclear  explosion  passed  overhead. 


30,  OCT  1961 


F;g.2  To  the  left:  real-height  profiles,  showing  the  change  of  electron  distribution  during  two  successive  passages 

of  acoustic  gravity  waves. 

To  the  right:  virtual-height  variations  at  four  different  frequencies.  Notation  of  the  times, 
when  disturbances  are  recorded  in  the  Es-  and  D-level. 
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Backscatter  records  of  ionospheric  waves,  recorded  on  October  23,  1961 
(b)  and  (c)  Diagrams  showing  the  travelling  disturbances  in  different  sed 


Fig.4  (2)  Backscatter  records  of  ionospheric  waves,  recorded  on  October  30,  196!. 

(b)  and  (c)  Diagrams  showing  the  travelling  disturbances  in  different  sectors  of  the  PPI  screen. 
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During  french  nuclear  experiences  in  Polynesia,  travelling  ionospheric  disturbances  vere 
observed,  end  their  impact  on  high  frequency  band  propagation,  essentially  in  the  magnetic  meridian 
plane  of  the  firing  site,  tea  investigated. 

Various  recordings  of  Doppler  effect  frequency  shifts,  end  of  vertical  or  oblique  sounding, 
for  firing  posers  ranging  from  100  kt  to  approximately  2  000  kt,  ere  presented. 

Such  recordings  are  interpreted  as  exhibiting  mainly  tvr>  disturbance  components  : 

i)  A  rapid  component  which  is  a  thermoepheric  wave  whose  instantaneous  speed  is  approximately 
720  m/s  at  •  horizontal  distance  of  290  km,  and  then  diminiahea  as  the  distance  increases. 
This  oscillation  wave  lay  appear  at  a  very  great  distance,  where  it)  velocity  alrrays 
exceeds  *t00  a/ a.  Its  frequency  spectrum  inclides  :  on  the  one  hand,  an  acoustic  portion 
whose  main  period  tends  towards  T  t  the  upper  limit  imposed  by  atmospheric  filtering  ; 
on  the  other  hand,  an  acoustic-gravity  portion  with  a  main  period  tending  towards  T  /cos  * 
uid,  for  high  energies,  a  period  tending  towards  T  ,  which  is  Brunt.-VaisalS  period  fit  the 
point  of  observation,  ® 

ii)  A  low  component  which  could  be  a  ground  wave  or  a  guided  wave,  whose  velocity  is  about  cons¬ 
tant,  and  of  the  order  of  .105  m',s.  This  wave  rises  up  to  ionospheric  altitudes,  where  it  be¬ 
comes  superimposed  on  the  thermospheric  wave.  It  is  essentially  revecled  by  oblique  echoes 
on  a  single  and  travelling  flexure  of  the  surfaces  of  equal  density.  It  seems  to  diminish 
more  rapidly  than  the  thermospheric  wave. 

These  observations  are  correlated  with  the  results  of  the  linearized  theory  in  a  non-iso- 
thermal  atmosphere  (numerical  applicati  ns). 

The  impact  of  such  t  disturbance  or.  oblique  propagation  and  the  resulting  impairment  of  te¬ 
lecommunication  possibilities  are  discussed. 

An  approximate  representation  of  thi.i  disturbance  in  the  V  reg.on,  between  150  and  1  OCX)  tan 
around  the  vortical  line  of  fire,  is  attempted. 
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PROPAGATION  NON  LINEAIRF.  ET  COUPLAGE  IONOSPHERIQUF.  Dl.S  ONDF.S 
A1MOSPHERIQUES  ENGENDREES  PAR  ONE  EXPLOSION 
NUCLEAIRE . 


P.  TROCHE  (a) 


Laboratoire  de  Physique  de  1 'Exosphere 
Faculty  des  Sciences  Jo  PARIS. 


RESUME. 


On  dScrit  les  rfsultats  de  1 'observation  en  plusieurs  points,  par  la  mtthode  consistent 
A  mesurer  l'effet  Doppler  qui  affecte  une  liaison  radio  H.F,  de  la  perturbation  engendree  dans 
I'ionosphArc  par  une  explosion  nucl£aire. 

L'accent  est  mis  sur  deux  aspects  de  ces  resultats  : 

-  le  d£lai  d 'occurrence  de  la  perturbation  montre  que  sa  propagation  entre  le 
sol  et  1' ionosphere  est  non-lineaire,  ct  permet  de  d£finir  un  module  numfrique  pour  la  dScrtre. 

-  le  spectre  teraporel  confirme  1* influence  importante  du  champ  mag'.Stique  ter- 
restre  sur  le  couplage  entre  les  mouvements  des  particules  neutres  el:  ceux  des  particules  ionistes. 


I  .  INTRODUCTION. 


A  l'occasion  des  campagnes  d’expArimentation  nucleaire  franijaises,  on  a  procSdf  3  l'ftu- 
de  des  perturbations  de  l'ionosphdre  causces  par  les  explosions,  en  utilisant  la  mfthode  qui 
consiste  a  mesurer  l'effet  Doppler  observe  sur  plusieurs  liaisons  radio  d£cam6triques  (H.F.)  bista- 
tiques  (6metteur  et  rAcepteur  places  en  d.-s  points  different*).  La  Fig,  I  reprfsente  schfimatique- 
ment  la  geographic  du  site  d'explrience  ainsi  que  les  liaisons  uti’is£es.  Ces  liaisons  ont  permis 
I'Stude  de  la  perturbation  dans  les  regions  situees  an  voisinage  des  points  de  reflexion  sur  l’io- 
nosphAre  des  rayons  radio  correspondents,  c’est-A-dire  A  1 'altitude  de  la  couche  F  2  (200-250  km) 
et  A  des  distant  :s  horizontales  du  point  d'explosion  d'environ  0  (zone  I),  150  (zone  II),  350  km 
(zone  ’ll)  ainsi  que  dans  une  region  situee  A  1'altitude  de  la  couche  F  I ,  A  la  verticale  du  point 
d'explosion  (zone  IV). 


(■»)  Adresse  artuelle  :  Centre  Universitaire  de  Toulon  -  Chateau  Saint-Michel  -  83  -  LA  GARDE. 
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II  s'agit  ici  cl'exposer  lea  rdsultats  apf c i f iquetnunt  obtenua  grace  A  cette  diveraitf 
dea  points  d ’ obaervat  ion ,  et  non  d'£tudiot,  meroe  atat  iit  iquemcnt. ,  le  dfroulement  individual 
d'une  perturbation. 

L'effet  Doppler  meaurd  aur  une  liaison  donnde  eat  eBaen t i el lement  caractdriaf  par  deux 
paramdtres  : 


-  son  ddlai  d ' occurrence ,  c'est-A-dire  la  durde  qui  adpare  l'inatant  de  l'explo- 
aion  du  dfebut  de  la  manifestation  de  la  perturbation  aur  la  liaioon.  Ce  temps  eat  dvidenraent  lid 

A  la  propagation  de  1'onde  de  choc  entre  la  source  et  la  rdgion  u 'cb-ervation. 

-  sa  forme,  c'est-A-  lire  l'allure  de  sea  variations  au  cours  du  temps,  qui  aont 
lides  aux  propridtds  de  la  source  et  A  la  propagation  de  l'onde  atmoaphdr ique ,  ainai  qu'A  son 
interaction,  dans  1 ' ionosphdre ,  avec  l'onde  radi odlectrique . 


2.  ETUDE  DU  DELA1  D ' CCCURRENCE . 


En  gdndral  la  perturbation  apparait  de  faqon  trda  nette  et  il  eat  possible  de  mesurer  son 
temps  d'apparition  avec  une  bonne  prdciaion.  Ear  contre,  en  raison  de  la  variability  des  conditions 
mdtdorologiques  et  ionosphdriques ,  et  de  1 '  iuci-rt  i  tudt  avec  laquelle  on  peut  ddfinir  la  rdgion 
perturbde,  cette  prdcision  n'a  en  clle-meme  que  peu  de  valeur  lorsqu'i.l  faut  comparer  entre  eux  les 
rdsultats  relatifs  A  plusieurs  evdnements  diffeients.  On  peut  estimer  A  30s  environ  1 ' incerti tude 
donr  il  faut  affecter  les  mesures  pour  tenir  compt.e  de  ces  considerations. 


Les  rdsultats  obtenus  sont  illustres  sur  la  Fig.  2,  oO  on  a  reprdsentd,  en  fonction  de  W, 
puissance  de  l'explosion,  lea  delais  d ' i nterac t ion  correspondent  aux  diffdrentea  liaisons,  et  sur 
la  Fig.  3,  oO  ces  ddlais  sont  representea,  pour  lea  different#  ordres  de  grandeur  de  la  puissance, 
en  fonction  de  la  distance  de  la  source  au  point  de  reflexion  sur  1' ionosphdre  de  la  liaison  radio 
correapondante ,  ce  qui  est  une  estimation  de  la  distance  parcourue  pat  l'onde  entre  la  source  et 
la  zone  oil  elle  est  observee. 


Ces  rdsultats  expdrimentaux  imposent  deux  conclusions  : 
a)  La  propagation  est  non  lineaire. 

On  constate  en  effet  que  sa  celtrite  est  fonction  de  la  puissance  de  Is  source, 
done  de  i'amplitude  de  l'onde.  La  Fig.  3  montre  en  outre  que  cette  cdldrite  decroTt  au  cours  de  la 
propagation  (la  vitesse  moyenne  est  plus  faible  entre  250  et  400  km  qu'elle  ne  I'est  entre  200  et 
250  km)  et  qu'elle  a  done  un  cotnportement  qualitatif  analogue  A  cclui  de  I'amplitude.  Si  c  eat  la 
vitesse  du  son  et  v  celle  de  la  perturbation,  1 'expression  la  plus  simple  de  la  non-linearity  est 
une  formule  du  genre 


v  ■  c  +  k  A 


(I) 


(A  ■  amplitude  de  l'onde,  k  constants),  et,  si  s  est  une  estimation  de  la  distance  parcourue,  on 
peut  ecrire  : 


v 


k'  W,/3/s 


(2) 


Une  formule  de  ce  type  a  d£j&  et£  propos€e  par  BETHE  (1958),  et  son  utilisation  pour  des  traces  de 
rayons  acoustiques  a  permio  3  Y,  ROCARD  (1972)  d'expliquer  certains  aspects  de  la  propagation  du 
signal  acoustique  A  trfcs  grande  distance. 


b)  Le  calcul  nura€rique,  utilisant  la  formule  (2),  montre  qu'elle  conduit,  dans 
1 '  interpretation  de  nos  rdsultats  exp£r imentau.\r  3  de3  d£lais  d 'occurrence  trop  courts.  La  Fig.  A, 
ou  sont  representea,  en  fonction  de  W,  les  temps  d'arrivee  de  la  perturbation  dans  la  region  situee 
3  la  vert icale  de  la  source,  3  environ  160  km  d'aititude  (zone  IV),  ainsi  que  le  temps  que  1'on  d6- 
duit  de  (2),  illustie  ce  compor tement . 


On  n'obtient  un  bon  accord  qu'en  introduisant  une  absorption  de  cotupor tement  exponentiel 
en  fonction  du  trajet  parcouru,  et  dont  il  faut  chercher  1 'origins  dans  1 'action  de  la  viscosite 
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atmosphE riquc .  A  pai 'ir  d'une  certaine  altitude,  variable  avec  la  frequence  de  l'otule,  celle-ci 
introduit  une  diminution  de  l'amplitude  qui,  d'apria  (1),  te  tro  luit  Egaleraent  par  une  diminution 
de  vitesse  de  propagation,  celle  ci  Etant  ulors  donnEe  par  une  fonnule  du  type  : 
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v  ■  c  ♦  k"  Wl/3  e  ®*/a  (3) 


Lea  resultats  d’un  calcul  numErique  ut'lisant  (3)  sont  egalement  reproduita  sur  la  Fig.  4  (cour- 
be  b)  et  on  conatatc  lour  bon  accord  avec  lea  rEsultaca  expErimentaux. 


3.  ETUDE  DE  LA  FORME  DE  LA  PERTURBATION. 

L'Etude  du  l'effet  Doppler  meourS,  Af,  en  fonction  du  temps,  ou,  ce  qui  eat  Equivalent, 
du  spectre  tempore 1  de  Af,  montre  dea  variations  ayatematiques  en  fonction  de  la  puissance  de  la 
source,  et  en  fonction  de  la  region  1 'observation. 


Ce  dernier  aspect,  le  aeul  A  nous  intEresser  ici,  peut  avoir  deux  rauaf  : 

-  la  dispersion  et.  l'absorption  sElcctive  de  1 'at.mosphBre  entre  la  source  et 
la  rSginn  d 1  observation.  II  s'agit  en  premiBre  approximation  d'un  effet  isotrope,  •  c'et^-il-dire 
independunc  de  l'astimut  de  la  region  d 'observation  par  rapport  A  la  source-  ne  dependant  que  de 
la  distance. 


-  le  couplagc  entre  1'ionoaphSre  et  1’onde  neutre  est  diffErent  auivent  l'orien- 
tation  relative  du  champ  oiagnEtique  terrestre  et  de  la  normale  A  1'or.de,  e'est.  un  effet  essentiel- 
lement  anisotrope,  dependant  beaucoup  de  la  frequence. 


a)  Ls  propagation  d'une  onde  neutre  A  partir  d'uno  source  explosive  ponctuelle  a  dEjA 
fait  1 'objet  de  nombreux  travaux,  dans  les  hypotheses  trSs  rEal.stes  (atmosphBre  strutifiEe,  en 
prEaencc  de  vents).  L'aspect  le  plus  important  des  rEsultats  est  que  l'onde  observEe  en  un  point 
A  l'altitude  z  et  A  la  distance  R  de  la  source  nc  contient  que  des  frEquences  aupErleurea  A  une 
limite  u *  z/R  Wg  (ujg  -  frequence  correspondent  A  la  pEriode  de  Brunt-Valssala) ,  Toutes 

choses  Etant  Egales  par  ailleurs,  ceci  sigr.ifie  que  la  perturbation  contient  d'autant  plus  de 
basses  frEquences  que  la  zone  d 'observation  est  plus  eloignee  de  la  source,  »t,  A  titre  d'exem- 
ple  la  Fig.  5  teprEaente  le  spectre  de  la  perturbation  neutre  A  la  verticale,  et  A  une  distance 
de  350  km  du  point  d’explosion. 

La  viscosite  atmosphErique,  dont  il  a  EtE  dEjA  question  au  I  2  renforce  cette  tendance, 
dans  la  mesure  ou  elle, provoque  surtout  l'absorption  dea  hautes  frEquences  (le  coefficient  d'ab- 
aorption  vat  r-  comte  f  Z)  ,  spccialement  des  pEricdes  infErieures  A  quelques  minutes. 


b)  Le  couplagc  entre  les  neutreB  et  les  composants  ionisEs  a  Epalemont  fait  1 'objet 
d'un  certain  nombre  de  travaux,  du  moins  dans  le  can  d'jne  onde  de  gravitE  libre,  c'est-4-dire 
pour  laquelle  on  peut  arbitrairement  se  fixer  le  vecteur  d'onde  It.  Dsns  le  problSme  qui  nous 
intEresse,  la  rEfErence  A  une  source  ponctuelle  esc  •’■aportt.ite ,  et  il  an  a  etc  i.enu  compte  dans 
lea  calculs  que  nous  avons  uiveloppes,  le  modSle  Etant  le  suiva-<t  : 


L'atmosphEre  est  isotherme,  csractErisEe  par  la  valeur  de  la  cElEritE  du  son  c, 
et  par  la  pEriode  de  coupure  acoustique  Ta  et  la  pEriode  de  Brunt  Tg.  L’ interaction  a  lieu  A 
l  'altitude  de  la  couche  F  2,  de  sorte  q^je  la  vitesse  v  djs  ions^est  la  projection  sur  la  direc¬ 
tion  du  champ  magnEtique  de  la  vitesse  u  des  neutres  :  v  "  (u.b)  b/b  . 


La  propagation  d'une  onde  harmonique  de  pulsation  in,  A  partir  d'une  source 
ponctuelle,  eat  dEcrite  par  la  fonction  de  Green  G  (z,  r,  in)  (Row,  19661  qui  est  donnEe  par  : 


avec 


G(z,  r,  in) 


k 


1/2 


2.  2 

i»)g  /si 


p  -  R(1  -  in2  /in2) 


1/2 


h 
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la  vitesse  des  neutres  a  utie  composanti!  radial*  et  uiie  composaate  vertical®  donnlea  par  : 


u 


r 


I  3G 


u 


z 


9G 

■a 


i 


-  AG) 


avec 


A  -  (y/2  -  1)  g/c2 


La  perturbation  de  densitE  Electronique  est,  au  premier  ordre,  la  solution  de 
1 'Equation  de  conservation  linEarisee 


It  +  div  (K0  ‘  0 


I  d  No 

N  Etant  la  density  non  perturbEe.  Introduinant  le  parametre  a  -  (-ryr  +  — — )  ,  qui  caractE- 
O  qz  n 

o 

rise  la  hauteur  d'fchelle  globale  de  la  couche  ionisEe,  cette  Equation,  pour  des  mouvementa  har- 
moniques,  donne  : 


|6N  | 


(5) 


On  a  effectuE  un  calcul  numfrique  utilisant  coi  diveraea  expressions,  dont  las  rEsultats 
sont  reproduits  sur  les  Fig.  6  et  /  qui  reprEsentent ,  en  fonction  de  l'azimut  nagnEtique,  la 
variation  de  4N/N^  pour  diffErentea  pEriodes  T(T  <  T#  ou  T,  <  T  <  Tc>.  Le  rEsultat  impor¬ 
tant  est  que  I'anisctropie  trds  forte  du  couplage,  qui  est  previsible  d'un  simple  point  de  vue 
gEomEtrique ,  dEpend  considErablement  de  la  pEriode  :  on  peut  retrouver  les  faits  essontiels  de  ce 
comportecent  A  partir  des  rEsultats  connus  (HINES  1960)  sur  lea  ondes  acouatico-gravitationnellcs 
planes,  en  observant  que  l'onde  qui  se  manifests  en  rl,  la  soutce  Etant  en  0,  est  celle  dont  la 
vitesse  de  groupe  est  dans  ’.a  direction  de  OM  (Fig.  8) 


+  ^i)  loraque  la  pEriole  est  faible,  ii  y  *  peu  de  dispersion,  et  l'onde  est  longitudinals 

E,  u  et  OM  aont  parallEles.  Le  tenne  esaentiel  dsns  (5)  est  le  terme  de  divergence,  de  sorte  que 
4N/Nq  se  comporte  comme  : 


E.  (E  (u.o)  )  c'est-A-dire  (ofi.t)2 


(ii)  lorsque  ia  pEriode  est  voisine  di  la  valeur  maxima  observable  en  £,  l'opde  est  trans 
veraale,  et,  la  vitease  de  groups  Etant  perpendiculaire  A  la  vitesse  de  phase,  u  et  OM  sont  para- 
llEles  entre  eux  et  perpendiculaires  A  E.  Le  terme  prEpondErant  est  encore  le  terme  de  divergence, 
de  aorte  que  4N/Nq  ae  comporte  comme  : 


E.  (E.  (u.t)  )  c' ’.st-A-dire  (ofi/E)  (E.E) 


(iii)  lorsque  ia  pEriode  est  voisine  de  ia  periode  de  coupure  acoustique.  c'cst  le  pre¬ 
mier  terme  de  (5)  qui  est  le  pluB  important.  II  traduit  1' influence  de  la  stratification  du  milieu 
(le  flux  de  particules  ioniseea  entrainees  est  variable  en  fonc*-ion  de  1 ’altitude)  et  il  se  com¬ 
porte  de  fa^on  isotrope. 


La  dEpendance  importante  de  l'anisotropie  en  fonction  de  la  pEriode  entralnc  une  modifi¬ 
cation  de  spectre  de  6N/Nq  suivant  l'azimut  magnEtique  du  point  d 'observation.  La  Fig.  9  montre 
le  comporteraant  de  1'excEs  relatif  de  densit*  Electronique ,  rapportE  A  1'excEs  relstif  de  densitE 
neutre  6p/po,  en  fonction  de  la  frEquence,  pour  diffErents  azian.ts,  et  pour  use  source  explosive 
parfaite  (spectre  uniform) . 

Deux  aspects  des  rEsultats  sont  importante  : 


-  Alors  que  les  hautes  frEquences  (acoustiquea) ,  sont  toujours  affaiblies  par 
rapport  A  l'amplitude  de  l'onde  neutre,  les  basses  frEquences  (ondes  de  gravitE) ,  sont  amplifiees. 
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essentiellemunt  les  ptiriodes  voisinea  de  T  (ptriode  de  Blunt.)  et  T  (pSriode  maximum  observable 
en  M) .  8  C 

-  Si  I'on  compare  les  spectres  S  ia  verticale  de  la  source,  et  dans  la  rSgion 
d 'observation  correspondent  S  tine  autre  liaison  utilisSe  (•'.one  lit,  D  350  km  aiimvt  *  60“), 
on  constate  que  la  diminution  de  1' importance  des  hautes  f r^quencts  dans  le  spectre  va  dans  le 
sens  des  observations  experimental es  ifig.  to). 


4.  CONCLUSION. 


L'observation  de  1'onde  acoui tico-gravitationnelle  ergendrge  par  une  source  explosive 
et  propagle  dans  1 ' Ionosphere,  effectufe  aimultan£ment  en  plusieurs  points  par  la  mesure  de  I'ef- 
fet  Doppler  e.t  H.F,  petmet  de  mettre  en  ividence  plusieurs  phfnomdnes  physiques  interessants  : 


-  la  propagation  dea  sigtattx  puissants  est  non-linSaire ,  c ' est-d-dire  qu'elle 
s'effecci-  «*"«c  un*  c>!**if4  dSteivlsnt  ’ '  *"iplitude. 

-  1 'absorption,  par  viscosity,  a,  1  deo  altitudes  superieures  d  100  km  environ, 
un  role  important  aur  Involution  de  1 ’amplitude  de  l'oode,  done  sur  aa  celerite. 

-  la  variability  de  l'allure  de  Involution  temporelle  de  l’effet  Doppler  mesu- 
r*  e.i  dea  pointa  different*  s'expliquc  en  partie  par  lea  earactfiriBtiques  de  la  propagation  d'uue 
unde  acoistifo-pravitationnelle  entre  une  source  nonctuelle  et  un  point  quelconque,  mais,  certains 
effeta  anisotropes  sont  li£s  au  ooupiage  entre  l'cpde  atmogpherique,  qui  affecte  primairement  les 
particules  neutres,  et  1'  ionosphere.  L'effet  de  ce  couplage  est  de  rMuirc  systematiquement  la 
part  dea  hauteg  frequences  acoustiques  dans  le  spectre  des  variations  relatives  de  densite  elec- 
tronique. 
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Representation  schSmatique  du  site  d'exp6rience,  des  liaisons  radio  utilises, 
et  des  zones  d 'observation  de  la  perturbation  ionosphSrique  (rep6rt;es  par  1, 
II,  III,  IV). 


Variation*  du  dilai  d 'occurrence  de  la  perturbation,  dans  les  zones  I,  II,  III 
IV,  en  fonction  de  Is  puissance  de  .soiree. 


Figure  3. 


Figure  A. 
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Variations  du  dSlai  d'occurrence  de  la  perturbation  pour  diiffrentes  puissances 
en  fonction  de  la  distance  de  la  source  3  la  zone  d 'observation. 
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D§lai  d’occurrence  de  la  region  4. 

(a)  Calcul  dans  l'hypoth&se  d'une  propagation  linen  ire 

(c)  Calcul  dans  I'hypothdse  d'une  propagation  non-1 ineaire ,  sans  absorption 

(b)  Calcul  dans  l'bypochdse  d'une  propagation  non-lineaire,avec  ab  >rption 

R^eultats  experiment ^ux . 
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Figure  8. 


Figure  9. 
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Definitions  gSos^triques 


-  k(j  et  k  reprSscntent  la  direction  des  vecteura  d'ondes  de  l'onde  ucoustique 

(id  ■«•  >»)  et  de  gravite  («  -►  wc)  issue  de  0  et  propagge  en  M 

-  u  et  u  representent  la  direction  de  la  vifesae  dee  neutres  dans  chacu.ie 

a  g 

de  cea  deux  ondec 

-  b  represente  le  champ  magnetique  terrestre. 


Spectres  de  la  perturbation  relative  de  densite  eiectronique ,  rapportfe  A  la 
perturbation  relative  de  denaite  du  gar  ncutre,  pour  differents  azimuts,  3  la 
distance  de  350  ktu  de  la  source. 
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LES  EFFViTS  DES  ARMES  NLX1MIRES  SUP  L' IONOSPHERE 
(PEKTURHAT10NS  DE  LA  REGION  K) 


pwr 

J.B,  Lomax,  and  D.L.  Nielson 


SCMMAIRE 


Une  explosion  nucl6oir«  an  produisant  4  let  altitudes  iononphAriqucs  eat  cuivie  d “of fats 
multiples  doas  1' icnoenhiro  et,  par  consAquant ,  uur  leu  communications  en  haute  frAquence,  Au  cours 
in  l'Atfc  at  de  l'xutaninc  19fe,  o:  a  proo'dA  au  milieu  du  lac ifique #  prdn  de  l'lle  Johnston,  A  une 
•trie  fl* explosions  nuclAairet  de  nuit  (la  *Sri*  "Pish  howl),  Dana  le  cadre  den  experiences  effect 
tubes  A  cut  to  occasion,  I'lnstxiut  do  Jeche.rches  dw  Stanford  a  etaDli  iui  iAschu  de  sonrieura  4  iftci- 
dance  oblique,  dont  1*»  parcoura  d'nr  aeui  raut  apparaiaoent  sur  la  figure  .1.  Fh  tout,  quatre  Amrt- 
tsurs  et  huit  rAcepteur*  furenc  moiUAs  en  multiplex  pour  crAer  un  rfcseau  de  29  parcc-urs,  Lu  "Natio¬ 
nal  Bureau  of  Standards"  (Bureau  National  des  Folds  et  Mcsures),  ainsi  que  l'Agence  do  l’ArmAc  de 
ferre  US  pour  la  Propagation  dea  Ondes  Radio,  et  le  Laboratoire  de  Rechercheo  de  l'Annbo  de  1'Air, 
de  Cartridge,  utilieirent  dona  la  mfine  rAgion  des  sondeurs  4  incidence  verticole,  On  verra  tur  la 
figure  2  lea  emplacement*  dee  cites  choisis,  ainsi  que  ceux  de  certaines  stations  internationalea 
de  aondage.  In  a.ioutant  les  informations  fouruiee  par  ceo  meeures  suparees,  on  peut  obtenir  une  re¬ 
presentation  asses  coup lit r  du  cooportement  gAnAral  de  1 ' ionosphere  aprSs  chaque  explosion, 

Le*  observations  effectuAes  4  partir  de  chacun  des  rites  pernirent  de  retracer  l'historique 
de  la  density  Alectronique  mar inole  de  1' ionosphere  en  deB  endroits  dAterminAs,  L'ensemble  de  ces 
rAsultats  a  seryi  4  etahlir  dea  cartes  de  frequence  critique  qui  indiquent  la  variation  synoptique, 
en  foncticn  du  teaps,  de  la  dons it A  Alectronique  maxim ale  de  la  couche  F,  Ce  paranitre  eot  d'une 
importance  extreme,  tant  pour  1'opArateur  chargA  d'Atablir  des  liaisons  H,F,  que  pour  le  chercheur 
•cientifique, 

Le  film  sonore  eu  couleuro  de  16  rnn  qui  illustre  cet  exposA  prAsente  sur  la  carte  las  cour- 
bes  d'Agalc  frAquence  critique  montn.nt  les  variations  de  la  denjitA  Alectronique  maximale  de  la 
couche  P  en  fonction  du  tempo  et  de  I'enpace,  4  la  suite  des  trois  essais  nuclAaires  4  haute  altitude 
de  1 'operation  "Fish  Bowl".  Ces  cartes  couprennent  ic  rAgion  s'Atendant  entre  30°  de  latitude  Nord  et 
Bud  de  part  et  d'autre  de  I'Aquateur  magnAtique,  et  350  de  longitude  Est  et  Oueet  de  part  et  d'autre 
de  l'lle  Johnston.  Les  sAquences  eommencent  60  minutes  avant  1 'explosion  et  se  poursuivent,  par  in- 
crAments  de  1  4  4  minuter,  jusqu'4  60  minutes  aprAs  pour  les  essais  "Star  Fish"  et  "Check  Mate",  et 
cinq  heures  apiJe  pour  i'essai  "King  Fish".  Le  principal  effet  qui  se  trouve  illustre  est  la  propa¬ 
gation  rad iale  des  ondes  ionosphAriques  4  partir  du  point  de  dAtonation,  Le  film  Atudie  et  illustre 
Agalement  la  thAorie  des  ondes  hydrodynmmiquea ,  et  prAsente  les  caractAristiques  observAes  des  ondea 
ionosphAriques,  Sa  projection  dure  30  minutes. 

Lea  figures  3  4  27  reprAsentent  un  choix  de  cartes  de  frAquence  critique,  extrait  du 

film. 


FAfAronce  :  Lem  ax ,  J.B,  et  Nielson,  D.L.,  1566  "Observations  of  acoustic-gravity  wave  effects  shoving 
geomagnetic  field  dependence"  ("Observation  des  effets  des  ondes  acoustiques  et  de  grsvitA  montrant 
leur  dApendance  4  l'Agard  du  champ  magnet i que  terrestre"),  JATP,  Vol,  30,  pp,  1033-1050. 


Lea  recherche*  dont  il  est  rendu  coopts  ici  furent.  ef.fectuAes  sous  l'Agide  de  l’Agence  NuclAuire  pour 
la  DAfenee,  dans  le  cadre  dr  la  sous-traitance  938/07, 0^1,  sous  contrat  DA  3&-039SC-87197  avec  le  U6 
Army  Electronics  Contend. 
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SUMMARY 


The  detonation  of  a  nuclear  burst  at  Ionospheric  heights  causes  a  Multiplicity  of  effect*  in  the 
Ionosphere  and  therefore  on  UK  communication*.  A  series  of  nighttime  shots,  the  Fish  Reel  Series, 
was  conducted  in  the  answer  and  fall  of  1963  near  Johnston  Island  In  the  mld-Paclftc.  A*  part  of  the 
instrumentation  for  this  aeries,  SRI  fielded  a  network  of  oblique- incidence  sounders ,  the  one-hop  path* 
of  which  are  shown  in  Figure  1.  In  all,  four  transmitters  and  eight  receivers  were  time-multiplexed  to 
create  a  network  of  39  path*.  The  National  Bureau  of  Standards  operated  vertical-incidence  soundera 
in  the  same  area,  aa  did  the  U.  S.  Army  Radio  Propagation  Agency  and  the  Air  Force  Cambridge  Research 
Laboratory.  The  location*  of  those  sites,  as  well  as  same  of  the  international  sounder  stations, 
are  shown  in  Figure  2.  By  combining  the  information  fresn  these  separate  measurements ,  a  fairly  compre¬ 
hensive  picture  of  the  gross  behavior  of  the  ionosphere  after  each  shot  can  be  obtained. 

From  each  site  came  a  time  history  of  the  maximum  electron  density  of  the  ionosphere  at  specific 
locations.  These  were  combined  into  critical-frequency  maps  which  show,  as  a  function  of  time,  the 
synoptic  variation  of  maximum  F-Jayer  electron  density.  This  parameter  la  extremely  important  to  the 
HF  communicator  aa  well  as  to  the  scientific  investigator. 

Sequences  of  contour  maps  of  critical  frequency  are  presented  in  this  16-mm  sound/color  movie, 
showing  the  variation  of  the  F- layer  maximum  electron  density  as  a  function  of  time  and  space  following 
the  three-hlgh-oltltude  nuclear  tests  in  Operation  Flah  Bowl.  The  maps  encompass  the  region  30°  north 
and  south  from  the  magnetic  equator  and  33°  east  and  west  from  Johnston  Island.  The  sequences  of  maps 
start  60  minutes  before  the  explosion  and  proceed,  in  Increments  of  1  to  4  minutes,  to  60  minutes  after 
the  event  for  Star  Fish  and  Check  Mate  and  to  five  (5)  hours  after  King  Fish.  The  principal  effect 
illustrated  is  the  propagation  of  the  ionospheric  waves  radially  outward  from  the  point  of  detonation. 
The  theory  of  hydrodynamlctl  waves  is  also  discussed  and  illustrated  in  the  film,  and  the  observed 
characteristics  of  ionospheric  weves  are  presented.  The  film  has  s  showing  time  of  30  minutes. 

Selected  maps  of  critical  frequency  from  the  film  are  shown  In  Figures  3  through  27. 

Reference:  Lomax,  J.  B.  and  Nielson,  D.  L. ,  1968,  "Observation  of  acoustlc-grovlty  wave  effects 

showing  geomagnetic  field  dependence",  JATP,  Vol.  30,  pp  1033-1050. 


*  The  research  reported  here  was  sponsored  by  the  Defense  Nuclear  Agency  under  NTOR  Subtask  938/07. C41 
on  Contract  DA  36-039SO-87197  with  the  U.  S.  Array  Electron!  »  Command. 
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*leur«  3 

St*r  Fish  T  _  j  .ln 
0859  OUT,  9  July  I962 


Figure  4 

St.r  Fish  T  +  5  mln 
0905  GMT ,  9  July  1962 


Figure  5 

3t,.r  Fish  T  +  ig  Bln 
0910  GKT,  9  Jul  la62 


Figure  E 

Check  Mete  T  -  1  min 
0829  GMT,  20  October  t-962 


Figure  10 

Check  Mate  T  +  5  min 
0835,  20  October  1962 


Figure  11 

Check  Mate  T  +  10  min 
OR40.  20  October  1962 


Figure  12 

Check  Mete  T  +  20  aln 
OB50  GMT,  0  October  1802 


Figure  13 

Check  Mate  T  +  40  min 
0910  GMT,  20  October  1962 


Figure  14 

Check  Mate  T  +  60  min 
0930  GMT,  20  October  1962 


Figure  IS 

King  Fish  T  -  1  min 
1209  GMT,  1  November  1962 


Figure  16 

King  Fish  T  +  5  min 
1215  GMT,  1  November  1962 


Figure  17 

King  Fish  T  >  10  min 
1220  GMT,  1  November  1962 
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Figure  18 

King  Fish  T  +  20  min 
1230  GMT,  1  November  1962 
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Figure  19 

King  Fish  T  +  40  min 
1250  GMT,  1  November  1502 


Figure  20 

King  Fish  T  +  60  min 
1310  GMT,  1  November  1962 
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Figure  21 

King  Fish  T  +  80  ml« 

1330  GMT,  1  November  1982 


Figure  22 

King  Fish  T  +  100  min 
1350  GMT,  1  November  1962 


Figure  23 

King  Fish  T  +  120  min 
1410  GMT,  1  November  1962 
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iLES  EFFETS  DES  CMCES  A0XBTIQUES  LT  DE  GRAVITE  PRODUITES  PAR  UNE  EXPLOSION  NUCLEAIRE 
Sim  LES  SYSTBMES  DE  COMMUNICATION  A  HAUTE  FREQUENCE 


P*r 


D.L,  Nielsun 


SCMMAIRE 


Lee  ondea  acouatiqucs  ert  die  gravitS  eugendrSea  par  dee  axploeiona  nuclAairoe  4  haut«  altitude 
injure nt  ei'fectrr  noaentantaect  les  lieieone  de  radiocoomunication  en  haute  frti^uence,  Deux  modifies- 
tiono  peuvent  ae  produire  i 

1)  le  spectre  d«  propagation  dont  on  dispose  peut,  an  un  certain  point,  diminuer  de  telle  aorte 

que  1«  circuit  ne  fonctionne  plus  4  une  frequence  donnie,  , 

2)  le  dilai  dans  1«  toaps,  et  lee  distortions  de  frequence  peurent  accrottra  la  prcbabilitf 
d'erreura  pour  un  systtoe  digital,  Toua  cen  effete  dependent  dee  poaitions  relatives  du  trajat  radio 
de  le  source,  et  du  chanp  g&omagngtique,  ainei  qua  de  l'ftat  de  l'ionoephire  le  long  de  ce  trajet. 


.518 

I 


I 


3<*  1 


the  effects  or  mjcLE/.R-BURar-pwoixicio 
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COMMUNICATION  SYSTEMS 


D.  L.  Nielson 

Stanford  rtaaejt.rch  Institute 
Menlo  Park,  California,  U.S.A. 


SUIMA9Y 


Acouatlc  gravity  wavaa  generated  by  high  altitude  nuclaar  explosion*  can  momentarily  affect  the 
performance  of  HP  communications .  Two  changes  can  occur:  (1)  the  available  propagation  spectrum  nsy  at 
soiae  point  decraaaa  auch  that  the  circuit  la  no  longer  operative  at  a  given  frequency,  (3)  the  time-delay 
and  frequency  distortions  may  Increase  the  likelihood  of  error  In  a  digital  eyeten.  All  effects  are  sub¬ 
ject  to  the  relative  orientation  of  the  path,  the  eource,  and  the  geomagnetic  field  as  well  as  the  state 
of  the  Ionosphere  along  the  path. 

1 .  INTRODUCTION 

Through  tod If  lest  Ion  of  the  Ionosphere,  acouatlc  gravity  waves  (AOW)  can  affect  the  performance  of 
HP  communication  systems.  The  extent  of  the  effect  is  dependent  unon  path  location  and  crlentatlon  an 
wall  as  the  system  parameters.  In  this  paper  we  will  briefly  examine  the  changes  In  communication  system 
performance  resulting  from  the  passage  of  e  wave  generated  by  the  1962  hlgh-altltude  nuclear  test  King 
Fish.  (UMAX  and  NIELSON,  1968.)  This  teat  affords  a  good  opportunity  since  the  source  la  discrete  end 
the  wave  la  simpler  than  many  natural  occurring  ones.  Observations  In  the  form  of  oblique-incidence  lono- 
grams  are  used  tc  verity  the  Ionospheric  model  from  which  the  system  performance  will  be  estimated. 

The  lononpherlc.  F-reglon  electron  density  Is  modeled  as  a  single  parabola  as  far  as  propagation 
la  concerned.  The  AGW  effects  are  computed  using  quasi -empirical  expressions  derived  by  NELSON  (1969) 
using  in  part  these  observations.  Changes  In  all  three  layer  parameters — height,  semithickness,  and 
critical  frequency--are  made  aa  the  wave  proceeds  along  the  path.  The  performance  of  two  modems  will  be 
considered— an  Incoherent  FSK  system  and  a  differentially  coherent  PSK(DFSK)  system. 

2.  MODELS 

The  oath  chosen  for  examination  Is  about  2900  km  from  the  burst  and  running  between  the  Islands  of 
Canton  and  Rarotonga  In  the  South  Pacific.  A  constant  ionospheric  F-leyor  was  usod  as  the  background 
propagation  medium:  hm  *=  389  km,  ym  -  70  km,  and  fc  *  6.8  MHz.  These  values  were  selected  after  examin¬ 
ing  Ionospheric  data  Including  obllque-lncldence  ionograms.  Since  the  observations  are  ei.tlrely  at. night 
no  lower-layer  ionization  Is  considered.  The  propagation  program  used  allows  for  linear  gradients  In 
critical  frequency  and  layer  height.  The  wave  was  modeled  as  In  UMAX  and  NIEUJON  (1968)  with  a  velocity 
of  the  peak  of  the  first  half  cycle  of  800  m/aec. 

The  digital  communication  system  models  used  here  permit  the  Input  of  both  time  and  frequency 
distortions.  These  distortions  are  expressed  In  the  form  of  a  second  central  moment  In  time  delay  and 
Doppler  shift  and  are  thus  specified  as  spreads  In  each  domain.  The  spreads  are  calculated  frc/m  the 
amplitude-weighted  discrete  ray  paths  obtained  from  the  parabolic-layer  rsy-tracing  propagation  model. 
Slgnal-to-nolse  ratios  are  normalized  to  a  one  hertz  bandwidth  nml  only  atmospheric  noise  is  considered. 

A  transmitted  power  of  3.3  watts/Hz  and  noise  levels  at  the  receiver  from  -151  dBW  at  4  MHz  to  -171  dBW 
at  20  MHz  resulted  in  about  a  40  OB  signal-to-nolss  ratio.  The  signaling  element  duration  Is  10  msec  for 
both  systems. 

3.  RESULTS 

Combining  the  Ionospheric  and  AGW  models  mentioned  above  we  can  obtain  a  series  ol  calculated 
Ionograms  with  which  to  compare  against  the  observed  records.  This  la  done  in  Figures  1  and  2  for  every 
20  mlnut.es  during  the  first  100  minutes  of  the  i  hours  for  which  calculations  were  made.  While  some  error 
is  apparent,  the  general  pattern  Is  reproduced  with  but  two  exceptions:  the  time-delay  spreading  on  In¬ 
dividual  traces  and  the  continued  high  frequency  maintained  on  the  ono-hop  trace.  Thase  effects  are 
probably  the  result  of  the  formation  of  Irregularities  in  ionization  during  the  passage  of  the  wave. 

Notice  that  while  the  frequency  remains  high  on  the  lowest  order  ro.y  the  maximum  frequencies  of  the  higher 
order  raya  decrease  following  the  first  half-cycle  of  the  AGW  (i.e.  ,  beyond  110  min.). 

The  spectrum  available  for  propagation  in  this  case  Incurs  a  pronounced  change.  In  Figure  3  the 
maximum  observed  frequency  Is  shown  over  the  two-hour  period.  Observed  values  are  shown  only  during  the 
first  quarter  period.  The  calculated  values  show  what  might,  exist  If  the  irregularities  were  not 
present.  This  variation  An  maximum  frequency  is  not  always  typical  but  is  a  function  of  pre-wave  ioni¬ 
zation  contours  end  the  relative  orientation  of  the  nave  normal  of  the  acouatlc  wave  and  the  local  mag¬ 
netic  field  (LOMAX  and  NIELSON,  1988),  (NELSON,  1968). 

The  performance  of  a  digital  system  Is  related  to  several  factors: 

(1)  the  Bignal-to-nolse  ratio 

(3)  the  spread  in  time-delay  anti  Doppler  shift 

(3>  the  transmitted  signal  and  other  system  characteristics. 
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Slnca  th»  calculation!-  are  for  nighttime  eondlliont  the  signal  levels  ere  approximately  constant  with 
frequency  and  for  the  various  multipath  components.  The  nunbe-  of  propagating  rays  therefore  tends  to  bo 
llialtod  by  lonoaphtiTc  penetration.  Yhl*  limiting  also  helps  deflno  the  degree  of  time-delay  and  Doppler 
spread  at  a  given  frequency. 

Assuming  continuity  in  the  uao  of  a  given  frequency ,  the  vurtntlon  tn  the  performance  ol  a  dlc'titl 
system  during  the  passage  of  the  nave  la  governed  laigely  by  the  changes  In  time  delay  and  Doppler  shift 
of  the  Individual  rayo.  Iheso  variat'onn  for  s:i  Incoherent  '/SK  system  can  he  booh  in  Figure  4  for  no 
diversity  aitd  for  unc orrolste-l  dual  diversity  systems.  (The  dual  diversity  results  can  bo  plottod  on  the 
same  axes  only  for  high  signal- to-nolce  ratios.)  Similarly  result.  1  for  «  DPSK  system  with  no  diversity 
are  giver  in  Figure  5.  Notice  that  in  the  first  30-60  mlnuteu  or  the  first  half-cycle  the  degindotion  o;f 
the  digital  system  lj  due  to  Increases  In  distortion.  In  the  second  half-cycle  the  distortion  diminishes 
but  In  this  instance  the  propagating  spectrum  is  also  reduced.  The  phase  system  is  naturally  more  sensi¬ 
tive  to  Doppler  spread  thin  the  Incoherent  FSIC  syattu.  The  wide  a.id  rapid  excursions  of  error  rate  In 
Figure  5  ei.ti  the  result  of  differential  Doppler  shifts  between  various  F-regiou  rays. 

-3 

If  error  rate*  of  lens  than  10  are  necessary  It  is  apparent  thet  some  typo  of  diversity  would  be 
required  in  this  situation.  Furthermore  If  the  operu’l.tg  frequency  falls  below  the  maximum  propagating 
frequency  then  a  frequency  change  la  necessary  to  maintain  communication.  This  latter  procedure  Is  moat 
Important  in  those  viglons  where  thu  first  half  cycle  cauoes  a  decrease  In  P-layer  critical  frequency. 
(LOMAX  end  NIKLS01,,  1968.) 

4.  CONCLUSIONS 

Thia  paper  has  attempted  to  show  that  HP  coununlcatlon  systems  may  in  some  cases  be  affected  by 
the  passage  of  neutral  atmospheric  waves  generated  by  a  nuclear  explosion.  Degradation  may  come  from  In¬ 
creased  distortion,  a  possibility  only  when  the  F-Ittyer  critical  frequency  la  increasing,  or  from  a  loss 
of  Ionospheric  support  for  the  frequency  of  operation.  In  the  latter  situation  the  maximum  propagating 
frequency  is  decreasing  and  because  of  the  accompanying  reduction  in  multipath,  the  distortion  decreases 
re  well.  While  the  wave  would  be  expected  to  have  optics!  te  effects  in  Its  two  half  cycles,  observations 
Indicate  that  the  most  significant  changes  occur  during  the  first  half  cycle. 
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Discussions  on  papers  presented  in  Session  IV 
(Influence  of  acoustic  gravity  waves  on  the  propagation  of  the  electromagnetic  waves) 

Discussion  on  ^ajjer :  "H.r,  Ray  tracing  of  gravity  wave  perturbed  ionospheric  profiles",  by  P.L,  George, 

Dr.  K,  DAVIES  :  Mr.  George's  ray  tracing  shovs  that  there  are  fundamental  limitations  set  by  the  ionosphere 
on  direction  finding.  Hence  there  should  be  a  corresponding  limit  to  the  amount  of  money  invested  in  direc¬ 
tion  finding  equipment.  This  is  a  potentially  valuable  contribution  from  this  meeting. 

Dr.  P.L.  GEORGE  :  1  think  the  point  is  that  no  amount  of  sophisticated  engineering,  which  usually  implies 
considerable  expense,  vill  improve  radio  location  results  if  the  ionospheric  model  is  itself  inadequate. 

(IF,  P.  HALLEY  :  Dans  le  tracS  de  rayon  electrcmagnfctique  que  voub  effectues  dans  le  milieu  ionis£  pertur- 
be  en  presence  du  champ  magnitique  terrestre,  vous  caiculez  les  trojectoircs  entre  deux  points  pour  une 
reflexion  ionospherique,  Tenez-vous  compte  de  reflexions  ionosphfriques  multiples  accompagn6es  d'une  ou  de 
plusieurs  reflexions  au  aol  1 

Dr,  P.L,  GEORGE  :  Multiple  reflections  certainly  occur  at  near  vertical  incidence  with  TID's  of  some  ampli¬ 
tudes.  It  is  not  clear  that  measurement  of  such  multiple  reflections  will  improve  our  ability  to  determine 
the  essential  characteristics  of  a  given  TID.  Rather  it  is  often  the  case  that  multiple  reflections  will 
confuse  the  situation.  It  is  for  this  reason  that  the  interferometer  used  for  the  type  of  measurements  dis¬ 
cussed  in  this  paper  is  deliberately  used  in  a  manner  such  that  measurements  are  accepted  only  when  an  es¬ 
sentially  plane  wave  front,  that  is  a  single  mode,  is  present. 

Dr,  H,P,  WILLIAMS  :  Throughout  your  lecture  you  referred  to  the  effects  at  "Bhort  distances"  i,e.  of  the 
order  of  50  km.  In  practice  one  is  much  more  likely  to  be  attempting  measurements  at  much  longer  distances. 
In  such  cases  I  presume  the  gross  inaccuracies  due  to  the  wavy  surface  vould  be  considerably  reduced.  The 
problem  would  then  be  nearer  the  case  of  reflection  at  grazing  incidence  which,  we  know  from  the  Rayleigh 
criterion,  would  come  more  closely  the  flat  surface  case, 

D-,  P.L.  GEORGE  :  I  cannot  agree  that  in  pratice  one  is  more  likely  to  be  attempting  radio  location  at  much 
larger  distances.  It  depends  very  much  on  the  situation.  There  is  a  very  real  requirement  for  location  at 
short  ranges  which  I  cannot  elaborate  on  here.  I  will  say  however  that  the  required  accuracy  is  often 
higher  than  at  long  ranges.  One  must  remember  that  at  short  range  the  frequency  of  operation  may  easily  be 
such  that  penetration  into  the  ionosphere  is  very  great  -  under  these  circumstances  the  greatest  tilts 
seen.  At  long  ranges  however,  for  frequencies  below  the  MUF,  the  radio  ray  does  not  penttrate  deeply  into 
the  ionosphere  -  at  distances  greater  than  1  000  km  or  so  it  is  difficult  to  get  mere  than  one  third  of  the 
way  into  the  F  region. -One  may  therefore  suppose  that  the  effective  tilts  seen  due  to  .’ID's  may  be  rather 
small. 


Discussion  on  paper  31*  :  "Propagation  of  suhnicrosecond  H,F»  pulses  through  travelling  ionospheric  dis¬ 
turbances"  ,by  G.M.  LERFALD,  R.E.  JURGENS, 


Dr.  L.B.  WETZEL  :  I  would  like  to  make  two  comments  on  this  paper, 

1, -  Taking  an  oblique  ionogram  an  a  plot  of  delay-time  versus  frequency  over  the  path,  one  often 
finds  that  the  curve  is  flat  in  places  due  to  the  presence  of  the  underlying  layers.  In  such  regions  the 
second  term  in  the  Taylor's  expansion  of  the  phase,  being  proportional  to  the  slope  of  the  delay-time, 
vanishes  ;  at  these  points  the  surviving  phase  non-linearity  is  . ubic  in  frequency,  and  the  simple  formu¬ 
la  for  ionospheric  bandwidth  based  on  the  quadratic  term  is  no  lc  ,ger  valid,  This  formula  also  breaks  down 
where  the  delay-time  exhibits  a  strong  curvature  as  when  ..lose  to  the  MUF,  (See,  for  example,  L,  Wetzel, 

IDA  Res.  Paper  P-317,  1967). 

2, -  The  question  of  "incoherent  bandwidth"  might  be  app  oached  by  viewing  the  physical  locus  of 

two  paths  through  the  ionosphere  at  two  different  frequencies.  As  the  frequencies  separate  so  do  the  paths, 
and  the  phases  over  the  two  paths  become  statistically  de^orrelated  as  the  physical  separation  of  the 
paths  approaches  the  correlation  length  of  the  major  ionospheric  irregularities.  These  irregularities  could 
be  related  to  the  high  wave-number  end  of  an  acoustic  wave  spectiixa,  which  then  determines  a  natural  limit 
to  one’s  ability  to  do  dispersion  equalization. 

Dr.  G.M,  LERFALD  :  1,-  I  concur  with  theBe  craments  on  the  limitations  of  the  equation  given  by  Wait, 
However,  in  practice  it  seldcm  occurs  that  the  delay-time  verstt  frequency  curve  is  truly  flat  over  the 
receiver  bandwith.  In  this  case,  as  for  the  case  near  the  MUF,  higher-order  terms  for  the  phase  relation¬ 
ship  could  presimably  be  used,  but  this  would  probably  n;ke  it  impossible  to  solve  the  equations  explicitly, 

2,-  An  experiment  which  measured  the  .egree  of  decorrelation  between  separated  frequencies  was  per¬ 
formed  with  some  interesting  results,  by  Hagfors  (Norwegian  Defence  Research  bBtablisliment  ,  InternsJ.  Report 
1962). 
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Discussion  on  yaper  |  :  "La  perturbation  ioncsphSrique  due  aux  ondes  acoustiques  et  do  gruxiti  crSSen 

par  une  explosion  nucTSaire  au  sol  de  100  kt  4  2  000  kt  observe  errtre  150  et  1  000  fa  du  point  de  tir', 
par  P.  HALLEY, 


Dr.  P<  MURPHY  :  The  L*«b  mode  which  is  maximised  at  the  earth's  surface  das  ar,  exponentiating  distance  of 
yH  with  altitude,  where  v  is  ratio  of  specific  heats  and^II  is  the  scale  height,  For  y  "  l,1*  and  H  -  7  fa 
this  means  t'no  amplitude  at  100  fa  altitude  is  ubout  10“  that  at  sea  level,  I  therefore  do  not  believe 
the  interpretation  of  the  305  o/sec  signal  in  terms  of  the  Lamb  mode  can  be  correct.  The  amplitude  is 
simply  too  small. 


C.F,  P,  HALLEY  :  Oui,  la  pression  de  perturbation  du  mode  de  Lamb  d£crott  exponent!  ell  eoent  lorsque  la¬ 
titude  augments,  I'Schelle  de  hauteur  Stant  yH,  Mais,  la  pression  en  1* absence  de  perturbation  decroft 
auasi  et  plus  rite,  l'tchel^e  djt  hauteur  etant  il,  Le  rapport  «£  augmente  done  exponent iellanent  lorsque 

l'altitude  augmente  ^  t  e  Y  H,  Quoiqu'il  en  soil.,  il  paraft  difficile  d'attribuer  directemeut  a" 
mode  de  Lamb  le  aignal  qui  ee  propage  4  305  a/s. 


Discussion  on  paper  37  :  "Propagation  non-lin£aire  et  couplage  ionospherique  des  oncles  acoustico-gravita- 
tionnelles  engenorhes  par  une  explosion  nucliaire",  per  P,  BROCHE, 


Dr.  H.  RISHBETH  :  You  have  considered  the  motions  of  F  region  ions  parallel  to  geomagnetic  field  lines, 
due  to  neutral  air  motions.  But  in  addition  the  air  motions  in  the  F,  region  can  possibly  generate  electric 
fields,  which  will  be  transmitted  to  the  F  region  and  can  then  move  the  ions  across  the  magnetic  field 
lines.  In  this  case  the  ion  motions  will  be  more  complex.  You  might  obtain  some  information  about  electric 
field  from  magnetic  data,  though  the  problem  is  a  complicated  one. 

Prof.  P.  BROCHE  :  I  did  not  take  into  account  these  effects,  my  calculations  were  very  simple,  and  their 
aim  vas  only  to  shew  the  mean  features  of  the  effect  of  the  earth  magnetic  field  on  the  coupling  beetven 
the  A.O.W.  and  the  ionosphere  when  the  A.G.W,  was  generated  by  a  ponctual  source. 

Dr.  Ch,  LIU  s  I  think  this  non  linear  effect  is  very  interesting.  This  is  known  in  the  theory  of  non  li¬ 
near  ;ave  in  dispersive  media  as  "amplitude-dispersion  relation".  Perhaps  with  the  model  you  use  it  is  pos¬ 
sible  to  derive  this  relation  and  have  a  more  exact  expression  for  the  vave  velocity.  Then  a  better  check 
vith  the  experimental  data  will  be  possible. 

Prof.  P.  BROCHE  :  In  fact  the  coefficient  k  in  the  expression 

.  ,  1/3  3/2  H  ***  C-  88  J 
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can  be  approximated  using  the  shock  velocity  and  the  coefficient  B,  which  expresses  the  influence  of  the 
viscosity  damping,  can  be  calculated  for  a  given  frequency  (Rayleigh  expressions).  The  fit  iB  obtained  by 
choosing  the  convenient  frequency  (a  few  seconds  to  a  few  ten  of  seconds), 

I  agree  with  Dr,  LIU's  remark,  that  further  theoretical  work  will  provide  better  approximations 
for  the  wave  velocity,  and  perhaps  a  better  fit  with  the  experimental  data. 


Discussion  on  paper  39  :  "The  effect  of  nuclear-burst  produced  acoustic  gravity  waves  on  H,F,  communica¬ 
tions  systems",  by  "B.L.  NIELSON, 

Dr,  A.*.  INCE  :  Would  you  please  comment  on  the  effects  of  high -altitude  nuclear  detonations  on  noise  of 
terrestrial  and  extraterrestrial  origin  in  HE  and  VHF  bands,  considering  communications  Bystems  such  as 
iono-scatter  and  metecr-burst. 

Dr,  D.L,  NIELSON  :  In  the  face  of  nuclear  radiations,  propagated  noise  will  of  course  suffer  absorption 
just  as  a  more  useful  signal  does.  In  the  initial  attempts  at  modeling  the  total  propagation  picture  in  the 
presence  of  absorbing  radiation,  we  tried  to  synthesize  observed  noise  valueB  from  point  source  noise 
"transmitters".  Doing  so  would  enable  us  to  attenuate  noise  as  well  as  the  signal.  Unfortunately  the  10 
or  so  noise  sources  we  felt  were  needed  meant  that  all  calculations  were  multiplied  by  that  factor. 

That  fact  coupled  with  the  realization  that  much  of  today's  HF  "noise"  is  interference,  caused  us  to  dis¬ 
continue  such  calculations.  Quite  obviously  propagated  noise  is  directional  and  the  attenuation  picture  for 
it  may  differ  markedly  from  that  for  the  signal.  Extraterrestrial  noise  is  much  easier  dealt  vith  but  must 
consider  the  E  and  F  layer  iris.  We  have  not  incorporated  absorption  of  that  noise  either.  Because  of  the 
location  of  this  path  with  respect  to  radiation  sources  and  in  view  of  the  time-after-burst,  I  do  not  ex¬ 
pect  the  lack  of  considering  noise  to  be  of  consequence  in  this  case.  Clearly  there  is  little  signal  ab¬ 
sorption. 


External  noise  in  VHF  systems,  being  generally  extraterrestrial,  might  be  expected  to  attenuate 
sore  nearly  as  the  signal -at  least  to  the  extent  that  the  antennas  are  highly  directive.  Since  -ignal-to- 
noise  ratio  is  the  quantity  of  interest,  considering  only  signal  absorption  will  yield  erroneously  low 
performance. 

Dr,  H,  WILLIAMS  :  I  noticed  on  the  oblique  ionogrsma  you  bhoved  that  the  reflections  occured  in  blobs,  i.e,, 
the  curve  of  amplitude  v,  frequency  vas  modulated  at  short  intervals.  This  was  true  even  of  the  first  io- 
nogram  which  had  not  yet  been  affected  by  the  burst.  Can  you  tejx  me  why  you  had  this  effect  ?  I  met  it  once 
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myself  but  only  in  the  region  of  a  single  hop,  It  was  then  probably  due  to  polarisation  fading,  for  the 
tine  ol‘  taking  the  ionogroas  va*  only  20  seconds. 

Dr.  D.L,  NIELSON  i  As  you  imply,  effects  such  as  polarisation  fading  can  occur  when  ve  use  linear  antennas  j 
hovever,  I  do  not  attribute  aos c  of  the  drop  out  of  signal  vitb  such  a  cause,  You  will  notice  that  in  nearly 
all  instances  the  signal  is  missing  on  all  propagating  modes.  This  must  then  relate  to  receiver  response 
on  tbst  particular  channel.  Since  these  are  step  frequency  receivers  such  sn  abrupt  change  is  quite  possi¬ 
ble,  We  have  never  associated  any  propagation  significance  to  these  interruptions. 


General  discussion 


Dr.  D.L,  NIELSON  ;  I  and  several  other  attendees  would  like  to  introduce  at  this  point  the  outline  of  an 
ionospheric  phenomenon  that  has  been  eluded  to  at  tbis  meeting  by  Dr,  RSttger  and  in  similar  reports  by 
Crocbet  at  the  University  of  Paris,  In  his  psper  Dr,  R6ttger  suggested  that  the  postauneet  disturbances 
that  have  for  many  years  been  observed  in  the  >’  region  near  the  magnetic  equator  may  be  due  to  acoustic 
gravity  vavea.  During  the  next  few  omenta  I  would  like  to  neither  support  or  contest  that  suggestion  but 
to  place  before  this  group  a  brief  outline  of  the  phenomenon  in  order  that  those  well  versed  in  such  wave 
motion  might  be  able  to  address  the  likelihood  of  such  a  possibility.  In  order  to  present  a  consistent 
qualitative  picture  I  will  take  some  liberties  about  which  all  may  not  agree,  I  will  also  largely  ignore 
the  normal  motion  of  the  bulk  plasma  after  sunset,  that  is,  the  abrupt  rise  and  slow  descent,  that  may  be 
of  sane  influence  in  the  phenomena  1  describe. 

The  several  (and  the  master  may  range  from  zero  to  perhaps  8  or  10)  independent  reflection  surfaces 
that  Dr,  Rottger  mentioned  "seeing"  from  terminals  remote  from  the  equator  are  those  culls  or 
bundles  or  irregularities  that  have  been  common  to  nearly  all  equatorial  experiments  in  which  drift  velo¬ 
city  could  be  measured.  Commencing  after  Bunaet  and  most  probably  following  the  evening  height  rise,  these 
cells  forts  and  begin  to  drift  eastward  along  the  dip  equator.  Their  estimated  size  ranges  from  a  few  hun¬ 
dred  to  perhaps  at  most  1  000  km  and  their  horizontal  drift  velocity  lrom  50-150  m/sec  with  respect  to  the 
observer.  Their  lifeti-ie  over  one  point  cn  the  earth  is  typically  ?.  to  U  hours,  so  that  from  their  initial 
poict  behind  the  sunset  line  they  span  perhaps  as  much  as  30-60°  degrees  of  longitude.  Both  the  cells  and 
the  smaller  scale  irregularities  associated  with  them  drift  at  the  same  eastward  rate.  The  magnitude  and 
direction  of  the  drift  are  compatible  with  electromagnetic  Hall  drift  from  downward  electrostatic  fields 
of  a  for  millivolts  per  meter  j  however,  there  is  no  electric  field  mechanism  known  thr.t  would  produce  the 
horizontal  variations  in  density  that  define  the  cells.  These  data  are  evidenced  at  HF  by  means  of  horizon¬ 
tal  and  vertical  reflections  from  inhomogenities  of  the  same  scale  aB  the  cells  as  well  as  at  VHF  where  the 
much  smaller  scale  sizes  are  important.  Nor  are  tbe  observations  confined  to  radio,  Equatorial  airg.low  re¬ 
cords  taken  over  large  areas  also  indicate  the  presence  of  these  cells.  Since  the  radiance  of  the  airglow 
is  said  to  be  less  related  to  electron  (ion)  number  density  than  to  recombination  rate  (height)  there  is 
believed  to  be  acme  lowering  of  height  associated  with  regions  of  increased  airglow. 

From  this  brief  outline  then  the  following  questions  inquiring  into  the  association  (if  any)  bet¬ 
ween  these  cell*  and  AGW's  may  be  posed  : 

-  la  the  velocity  (both  direction  and  magnitude)  consistent  with  AGW's  either  in  or  directly  in¬ 
fluencing  the  F-region  T 

-  Is  the  "period"  ax  size  of  these  cells  commensurate  with  the  velocity  or  AGW  theory  in  general. 

-  Is  the  disappearance  of  these  cells  within  say  30-60°  longitude  consistent  with  possible  dissi¬ 
pation  rates  of  AGW's, 

-  Could  the  ins; abilities  associated  with  the  cell  be  triggered  of  sustained  by  energy  within  such 

a  wave, 

-  If  the  large  scele  irregularities  have  as  their  source  changes  associated  with  t  or  r  region  sun- 
vet,  would  such  "wake"  effects  have  to  be  stationary  in  the  frame  of  reference  of  tbe  sunset  line, 

Finally,  the  wall  scale  irr- gularitirB  mentioned  abo\e  thet  ire  typically  associated  with  spread-F 
or  scintillations,  are  limited  o'  those  that  occur  prior  to  local  midnight.  This  type,  either  because  of 
its  intensity  or  phyticol  make-up  is  the  one  that  is  most  closely  associated  with  upper  KF  and  VHF  inves¬ 
tigations. 

Dr,  J,  ICLOSTEFMEYER  :  The  magnitude  of  the  horizontal  drift  velocity  in  the  range  50-150  m/sec  is  typical 
for  so-called  medium  scale  ionospheric  disturbances  observed  by  various  authors  in  the  mid-latitude  F- 
region.  Today  it  seems  to  be  generally  accepted  that  these  dinturba-ces  are  produced,  by  atmospheric  gravi¬ 
ty  waves.  The  interpretation  of  the  equatorial  phenomena  mentioned  oy  Dr,  Rottger  ,..nd  Dr,  Nielson  in  terms 
of  gravity  waves  is  made  more  difficult  by  the  fact  that,  a  gravity  wave  propagating  alorg  the  magnetic 
vest-east  direction  causes  only  relatively  smell  ionization  changes  at  the  dip  equator.  However,  this  dif¬ 
ficulty  would  not  arise  if  the  horizontal  direction  of  wave  propagation  differs  from  the  magnetic  west- 
east  direction  by  several  degrees. 

From  the  horizontal  extent  of  a  few  hundred  V.o  1  000  Jus  and  the  horizontal  velocity  range  ve  can 
estimate  possible  time  scales  wetveen  twenty  and  u  few  hundred  minutes,  which  agree  well  with  the  period 
spect^iM  of  gravity  waves  ir  the  F-region, 

The  rate  of  energy  dissipation  of  atmospheric  gravity  waves  depends  largely  on  period,  wavelength, 
and  direction  of  propagation.  Ionospheric  disturbances  have  often  been  observed  to  travel  distances  bet¬ 
ween  several  hundred  and  several  thousand  kilometers.  The  di sapp-arem. e  of  the  cells  within  30-60°  longi¬ 
tude  is  therefore  consistent  with  possible  dissipaV'on  rates  of  gravity  waves. 
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Dr.  J.  ROTTGER  :  In  addition  to  the  interesting  explanations  of  Dr.  Nielson,  I  want  to  point  out  that 
periodical  structures  in  the  equatorial  ionosphere  recently  have  been  observed  by  Yeooah-Amankwah  and 
Koster  in  Accra  Q  "Equatorial.  Faraday  Rotation  Measurements  on  the  Ionosphere  Using  a  Geostationary 
Satellite”  published  in  :  Planet.  Space  Sci.  20,  1972,  pp.  395-^08  These  observations  indicate  reaso¬ 
nable  oscillations  of  the  total  electron  content  in  the  evening  hours.  The  quasi-periods  of  these  oscil¬ 
lations  are  in  the  range  of  approximately  30  min  to  a  few  hours  and  are  assumed  to  be  originated  by  a  ho¬ 
rizontal  drift  of  plasma  inhomogeneities  in  the  ionosphere,  A  typical  size  of  these  inhomogeneities  is 
about  530  km  assuming  a  plasma  drift  velocity  of  120  a/sec.  The  results  obtained  by  oblique-incidence 
sounding  between  Lindau  and  Tsumeb  are  in  sufficient  agreement  with  these  observations  of  Yeboah-Amankwah 
t\nd  Foster. 

Dr,  K,  DAVIES  :  One  of  the  difficulties  concerned  with  the  gravity  wave  explanation  of  equatorial  irregu¬ 
larities  propagation  along  the  magnetic  equator  is  that  a  gravity  wave  cannot  move  the  electrons  across 
the  geomagnetic  field  (i,e,  vertically). 

Dr.  J.  H0FTSER  :  The  geographical  distribution  of  the  observed  side  reflection  areas  indicates  a  maximum 
of  occurence  in  the  west  African  zone  between  about  5°  N  and  20°  N,  In  this  area  the  magnetic  declination 
is  about  5°  to  15°  westerly  deviation.  This  means  that  east-west  propagating  inhomogeneities  are  not  pro¬ 
pagating  perpendicular  to  the  earth’s  magnetic  field. 

In  the  east  African  area  the  declination  is  between  0°  and  5°  V  and  the  perpendicularity  which  may 
restrict  eastward  drifts  is  performed  earlier  in  this  area.  Irregularities  east  of  the  path  Lindau-Tsumeb, 
located  in  the  east  African  area,  occur  much  less  than  irregularities  vest  of  the  path.  This  result  seems 
to  be  in  agreement  with  the  depicted  difference  of  the  declination  east  and  west  of  the  path. 

Dr.  H.  RI3HBETH  :  Concerning  the  irregularities  in  the  equatorial  F  region  at  sunset, 

.’.-I  cannot  comment  on  the  production,  scale  Rize  or  periodicity  of  the  irregularities,  but  I 
think  that  the  combination  of 

a)  the  supersonically  moving  sunset, 

b)  large  horizontal  gradients  of  electron  density  associated  with  sunset, 

c)  crossed  electric  and  magnetic  fields  might  well  favour  instability  phenomena. 

2. -  Once  the  irregularities  are  formed,  then  they  car  be  moved  acresB  the  magnetic  field  by  an 
electrostatic  field.  The  irregularities  would  move  with  the  background  ionization,  I  have  a  theory  of  how 
the  required  electric  fields  can  be  produced  (indirectly  by  the  action  of  thermospheric  winds)  though  the 
theory  is  admittedly  controversial. 

3, -  In  think  that,  given  the  existence  of  irregularities  the  electron  density  and  airgiov  data 
hang  together  nicely.  The  lifetime  of  the  irregularities  may  just  be  similar  to  that  of  the  background 
ionization  -  a  few  hours, 

C.F,  P.  HALLEY  :  La  region  ou  l'equateur  magnltique  franchit  et  s'ecarte  de  l'equateur  g£ographique,  au 
sud  du  Senegal,  eat  particulierement  ivregulitire  de  nuit,  C'esi  ainsi  que  1’on  constate  a  partir  de  Dakar 
des  difficultes  de  radiocommunication  en  H,F,  vers  le  golflede  Giinee  ou  vers  Madagascar,  La  liability  dea 
communications  est  particulierement  mauvaise  dans  une  certaine  Vande  s.e  frequences  (par  exemple,  entre 
9  et  19  MHz)  meme  ai  on  utilise  des  antennes  omni-directionnelleB  ou  faiblement  directives. 
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Comment  of  Prof,  H,  VOLLAHU  reporter  of  subsea 3 ion  I  A  :  "  Acoustic  gravity  vaves  in  the  neutral  terres¬ 
trial  atmosphere.  Natural  sources  and  propagation". 

In  this  first  sub-session,  seven  papers  were  presented  dealing  with  the  natural  excitation  and  the 
propagation  of  acoustic-gravity  vaves  vithin  the  lower  atmosphere.  Five  of  these  papers  vere  theoretical 
papers  vnereas  two  of  then  presented  experimental  work  on  the  propagation  of  infrasound  vaves  excited  vi¬ 
thin  the  auroral  zones.  It  appears  to  me  that  this  ratio  between  the  numbers  of  theoretical  and  experimen¬ 
tal  papers  is  symptomatic  of  the  present  stage  of  knowledge  of  gravity  vavc  propagation. 

Let  me  recall  the  general  problem  with  which  we  are  faced.  Given  is  some  natural  event-earth  quake, 
tropospheric  weather  disturbance  auroral  display  etc,  -  which  is  supposed  to  excite  acoustic-gravity  waves. 
This  source  has  some  spatial  and  temporal  distribution  and  acts  like  a  generator  transmitting  a  spectrum  of 
acoustic-gravity  waves  into  the  surrounding  atmosphere.  The  "radiation  characteristic"  of  such  disturbance 
can  be  represented  by  a  function  g  (t)  which  depends  not  only  on  time  t  but  also  on  the  local  distribution 
of  the  source  and  on  the  radiation  angle,  The  atmosphere  on  the  other  hand  behaves  like  a  dispersive  ar.d 
anisotropic  wave  guide  which  can  be  described  by  a  transmission  function  F  (o,  id)  where  p  is  the  distance 
from  the  source  and  u  is  the  angular  frequency  of  the  spectral  range  considered,  F  of  course  depends  also 
on  the  azimuth,  the  radiation  angle  and  the  time.  At  the  input  of  a  receiver  we  observe  some  fluctuation 
h  (p,  t.)  resulting  from  the  source  g  and  deformed  by  the  dispersive  atmosphere  in  between, 

If  the  observed  wave  structure  has  snail  amplitudes  so  that  perturbation  thecry  is  a  sufficient 
approximation  and  if  the  temporal  variation  of  the  atmospheric  wave  guide  is  slow  compared  with  the  periods 
of  the  waves  considered  we  can  on  principle  apply  linear  system  theory  and  the  method  of  the  superposition 
of  harmonic  waves.  Fortunately  -  as  we  saw  in  this  meeting  -  this  is  possible  in  many  problems  of  acoustic- 
gravity  wave  propagation. 

It  is  well  known  from  system  theory  that  in  order  to  relate  source  g  and  received  signal  £  we  have 
tj  transpose  these  functions  into  their  frequency  domains  by  a  Fourier-tran3formation  obtaining  g*  (id)  and 
h  (p,  id).  Then  the  relationship 

h*  (p,  id)  =»  g1  (id)  F  (p,  id)  (1) 

holds,  and  from  a  re-transformation  into  the  time  domain  we  get 

h(p,  t)  «  j  g*  (id)  F  (o,  id)  e  dui  (2) 

_  00 

Depending  on  the  bandwidth  of  cur  receiver  we  obtain  at  its  output  a  signel  which  either  approaches 
(l)  or  (2)  or  a  value  in  between. 

In  the  papers  by  Pierce  mid  Warren  the  first  step  has  been  done  to  determine  the  source  function  g 
from  some  realistic  natural  event..  Liu  011  the  other  hand  studied  quite  generally  the  response  of  the  iso¬ 
thermal  atmosphere  to  an  unspecified  source.  It  means  he  solved  F  and  h  for  some  given  <r,  Georges  finally 
doing  ray  approximation  obtained  the  transmission  function  F  for  any  realistic  lower  atmosphere. 

The  theoretical  papers  in  this  sub-session  therefore  cover  fairly  well  the  matter  outlined  above. 
Here,  the  transmission  function  F  of  the  lower  atmosphere  appears  to  be  rather  well  understood.  However, 
appart  from  the  announced  papers  by  Gossard  and  Katz  who  unfortunately  did  not  attend  this  meeting,  there 
was  no  experimental  paper  presented  here  which  dealt  with  gravity  wave  propagation  within  the  lower  atmo¬ 
sphere,  Obviously  experiments  of  this  kind  are  necessary  to  confirm  or  to  disproof  the  theories  and  parti¬ 
cularly  to  locate  and  identify  the  natural  sources  of  gravity  waves.  Up  to  now  there  is  indeed  a  nearly 
complete  lack  of  knowledge  about  the  kind  and  the  structure  of  the  natural  source  function  h  in  the  case 
of  gravity  waves. 

People  dealing  with  acoustic  waves  are  luckier  in  this  respect,  iierc  the  transmission  function  F  is 
much  simpler,  Specifically ,  the  atmosphere  behaves  nearly  isotropic  and  non-dispersive  with  respect  to  u- 
coustic  waves,  and  ray  tracing  is  in  most  cases  an  excellent  approximation.  Moreover,  due  to  their  small 
wave  lengths,  direction  finding  techniques  for  acoustic  vaves  can  be  used  in  order  to  locate  the  sources. 

Cook  did  calculations  of  the  excitation  and  tie  propagation  of  infrasound  waves,  and  Wilson  ana 
Iiszka  located  infrasound  waves  within  two  different  spectral  ranges  and  identified  them  as  caused  within 
the  auroral  electro  jet,  Here,  the  paper  by  Wilson  comes  nearest  to  our  idea^  conception  in  (l),  From  the 
observation  of  h  within  a  narrow  spectra-’,  range  he  determined  and  located  g  assuming  e  linown  function  F, 
Then  he  presented  a  physical  explinatior.  of  the  source  g. 

From  this  and  the  following  sessions,  I  would  like  to  draw  the  conclusion  that  ve  neeu  simultaneous 
meas'ii  aments  of  selected  natural  events  within  a  wide  range  of  frequencies  and  at  various  locations  within 
lower  and  upper  atmosphere,  using  different  techniques,  in  order  to  locate  and  to  identify  the  natural  sour¬ 
ces  of  gravity  waves  and  to  close  the  gap  which  I  outlined  above. 
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Comment  of  Dr,  D.L.  MURPHY,  reporter  of  subsea sion  I  ii  :  "Acoustic  gravity  waves  in  the  neutral  terrestrial 
atmosphere.  Artificial  sources  and  propagation^', 

I  will  confine  my  remarks  to  lov  altitude  nuclear  detonations  as  sources  of  acoustic-gravity  waves, 
All  the  papers  in  Sub  Session  IB  as  well  as  a  number  in  other  sessions  dealt  with  this  topic  in  one  way  or 
another. 


Consider  first  the  various  types  of  .ionospheric  disturbance  which  result  from  the  detonation  blast 
wave,  A  portion  of  the  blast  wave,  which  does  not  reach  the  ionospheric  level,  is  responsible  for  exciting 
the  Lamb  mode  as  described  by  Dr.  Posey  and  Prof.  Pierce,  This  mode  has  a  maximum  amplitude  on  the  ground 
and  decreases  exponentially  over  a  distance  of  about  10  km.  Thus  the  amplitude  is  a  factor  10“"  less  at 
100  km  than  it  is  at  the  ground.  For  this  reason,  as  noted  by  Dr,  Balachandran,  it  would  not  seem  likely 
that  this  node  is  responsible  for  disturbances  in  the  ionosphere.  The  possible  exception  would  be  when  the 
Lamb  mode  can  couple  to  some  other  mode  which  propagates  at  higher  altitude.  The  main  lesBon  to  be  learned 
from  the  Lamb  mode  analysis  is  simply  that,  in  this  one  particular  case,  one  nay  replace  the  usual  guided 
modes  GR  ,  GR^,  SQ,  3  ,  etc.  by  a  pseudemode,  namely  the  Lamb  mode,  and  that  analysis  in  terms  of  this 
pseudemoae  is  far  easier  than  in  terms  of  the  guided  modes.  One  need  not  resort  to  involved  numerical  cal¬ 
culations  ;  in  fact,  back-of-the-envelope  engineering  type  estimates  are  possible.  One  should  definitely 
attempt  to  apply  this  pseudomode  concept  to  other  modes  which  may  propagate  at  higher  altitudes  and  which 
may  produce  observable  ionospheric  effects.  These  other  pseudomodes  are  presumably  related  to  the  ducting 
properties  of  the  atmosphere  and  ionosphere  and  their  dispersion  curves  should  be  composed  of  segments  of 
the  guided  mode  dispersion  curves. 

For  the  portion  of  the  shock  which  does  reach  the  ionosphere  Prof.  Berthet  has  calculated  the  non¬ 
linear  effects  on  the  ray  paths,  Tn  a  sense  his  analysis  is  the  opposite  of  what  has  been  uone  by  a  number 
of  other  people,  for  example  by  Witham,  Whitham  includes  several  nonlinear  effects  not  contained  in 
Berthet's  analysis,  most  notably  the  effects  of  ray  tube  divergence  and  convergence  on  the  pulse  amplitude. 
However,  Whitham  uses  the  ray  paths  of  geometrical  acoustics.  An  analysis  which  treats  nonlinear  effects 
on  both  ray  paths  and  solitudes  in  a  self  consistent  fashion  would  be  desireable. 

Also  regarding  Prof.  Berthet's  paper,  I  wonder  what  the  relation  of  his  "ring  of  sound"  is  to  the 
numerical  results  of  Greene  and  Whitaker,  some  of  which  were  shown  in  the  paper  by  Dr,  Kahalab  and  myself. 
The  same  region  cf  space  seems  to  be  involved  in  both  cases.  In  both  cases  it  is  a  region  of  highly  non¬ 
linear  hydrodynamics  which  acts  as  a  secondary  source  of  acoustic  disturbance.  There  is  a  major  difference 
in  interpretation  however.  Prof.  Berthet  regards  this  region  as  a  source  of  waves  of  perio i  less  than  a 
minute,  Greene  and  Whitaker  regard  their  region  as  the  source  of  gravity  waves  with  periods  in  excess  of 
10  minutes.  Obviously  clarification  and  reconciliation  of  these  points  of  view  would  be  desirable. 

Now,  as  to  the  short  period  disturbances  which  are  observed  in  the  ionosphere,  Dr,  Balachandran 
and  Dr,  Kahalas  and  myself  both  presented  doppler  data  obtained  by  Baker  and  Davies,  We  both  noted  that 
these  short  period  ionospheric  disturbances  are  probably  due  to  partially  ducted  acoustic  modes  beneath 
the  ionospheric  level,  I  made  the  point  that  the  period  of  this  disturbance  was  approximately  equal  to 
the  period  content  of  the  shock  at  the  base  of  the  ionosphere  and  suggested  a  yield  scaling  law  for  the 
periods.  It  would  be  worthwhile  to  examine  this  doppler  data  or  other  similar  datr  to  see  if  any  scaling 
law3  for  the  period  variation  with  yield,  range,  wind  direction,  etc,  are  in  fact  apparent  in  the  data, 
llnpirical  scaling  laws  could  be  of  great  aid  in  formulating  nuclear  source  and  propagation  models. 

Finally,  ve  ccme  to  the  question  of  the  rising  fireball  as  a  source  of  acoustic-gravity  waves  in 
the  ionosphere.  Both  Prof,  Pierce  and  Dr,  Kahalas  and  myself  have  put  forth  gravity-wave  excitation  models 
based  on  buoyancy  oscillations  at  the  fireball  stabilization  altitude.  Dr,  Lomax  raised  the  question  as  to 
whether  or  not  real  fireballs  perform  this  type  of  oscillation.  This  question  really  has  not  been  answered, 
A  related  question  which  may  shed  some  light  on  this  is  :  what  kinds  of  acoustic-gravity  oscillations  are 
produced  by  naturally  buoyant  elements  such  as  thunder  clouds  7 

Even  if  fireballs  do  oscillate,  this  does  not  necessarily  mean  that  they  ore  a  source  of  widespread 
ionospheric  perturbation,  A  ray  tracing  program  applicable  to  long  periods,  such  os  Dr.  Georges',  could  be 
used  to  determine  the  region  of  the  ionosphere  affected  by  a  source  of  waves  of  period  comparable  to  tne 
Brunt-V&j sala  period  and  located  at  the  tropopauce,  Presumably  the  wavelengths  produced  would  be  the  order 
of  the  stabilized  fireball  dimensions. 


Comment  of  Dr,  K,  DAVIES,  reporter  of  session  II  :  "Coupling  between  the  ionized  atmosphere  and  the  neu¬ 
tral  atmosphere  perturbed  by  acoustic  gravity  waves”. 

There  ore  two  aspects  of  the  meeting  on  which  I  have  been  asked  to  comment  viz  :  (1)  The  theory' 
of  the  interaction  between  atmospheric  neutral  notions  and  the  notions  of  the  ionized  gas  and  ( P )  Attempts 
to  identify  specific  natural  sources  of  ionospheric  wavelike  disturbances,  I  am  indebted  to 
Drs  Klostermeyei  and  Liu  for  ideas  concerning  the  theory, 

1.  Theory  of  neutral-ion  gas  interactions. 

Most  theories  on  the  interaction  between  neutrals  and  ions  caused  by  the  passage  of  gravity  vavc: 
through  the  atmosphere  have  dealt  with  the  problem  in  two  parts.  First,  the  notions  of  the  neutrals  are 
solved  and  second,  these  motions  are  inserted  into  the  equations  of  motion  of  the  neutral-ion  gas,  Tnio 
approach  is  mathematically  simple,  it  gives  physical  insight  into  the  interactions  involved  and  it  has 
proved  a  valuable  guide. 

How  in  practice  the  induced  ion  motion  reacts  aru  modifies  the  neutral  motion,  hence,  any  major  ad¬ 
vance  in  this  area  will  require  that  the  coupled  liydrodynanic  and  ion  equations  of  motion  be  solved  simul¬ 
taneously  in  a  self-consistent  manner.  In  p'zrticular,  certain  non-linear  effects  should  be  included  because 
certain  parameters  (e.g.,  the  diffusion  coefficient)  are  modified  by  the  passage  of  the  atmospheric  wave, 
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Also  the  coupling  of  energy  between  various  types  of  waves  (viscosity,  heat  conduction,  gravity,  etc,) 
should  be  included. 

Inclusion  of  all  these  features  will  make  it  difficult  to  assess  the  importance  of  any  one  physi¬ 
cal  factor.  Hence,  in  order  to  obtain  some  insight  into  the  dominant  physical  processes  it  will  be  neces¬ 
sary  to  repeat  the  calculations  many  times,  each  time  eliminating  one  term  in  the  system  of  equations. 

Some  of  the  more  important  terms  are  listed  in  Table  1, 

One  other  aspect  which  should  be  encouraged  is  that  theory  and  observation  should  advance  in  step, 
2,  Sources, 

Although  there  is  much  to  be  elucidated  in  the  propagation  of  atmospheric  waves,  there  is  a  big¬ 
ger  void  in  our  knowledge  of  the  locations  and  characteristics  of  the  sources  of  these  waves.  In  this 
area  there  is  room  for  both  theory  (source  modeling)  and  observations.  Both  aspects  have  received  some 
dicussion  in  this  meeting,  Natural  sources  of  acoustic-gravity  waves  in  the  ionosphere  include  the  jet 
stream  (Cook),  auroral  electrojet  (uilson),  oscillation  of  air  masses  and  thunderstorms  (pierce  and  Moo), 
large  scale  air  motions  near  the  tropopauBe  (Goe)  and  the  sun  (Bowman). 

Source  modeling,  in  which  the  response  of  the  atmosphere  to  different  sources  is  calculated, 
would  be  invaluable  for  comparison  with  experimental  data.  This  applies  to  both  artificial  as  veil  c.3  na¬ 
tural  sources. 

The  effect  of  source  location  on  the  characteristics  of  ionospheric  traveling  disturbances  is 
shown  by  the  calculations  of  Chang,  He  shows  that  for  gravity- wave  sources  in  the  troposphere,  the  iono¬ 
spheric  disturbance  can  only  propagate  near  the  asymptotic  limit.  This  is  confirmed  by  radio  techniques, 
Chang  also  shows  that  the  temperature  profile  is  important  in  determining  the  periods  of  gravity  waves 
penetrating  to  the  F  region.  The  troposphere  is  an  important  (if  not  the  most  important)  source  of  acous¬ 
tic  and  gravity  waves  in  the  ionosphere.  Hence  one  must  consider  the  entire  atmosphere,  between  the  le¬ 
vels  of  the  source"  and  of  observation,  in  attempting  to  explain  the  ionospheric  effects. 

It  may  be  of  interest  to  note  that  for  acoustic  waves  at  a  given  height,  in  the  upper  atmosphere, 
the  ground  range  to  a  source  in  the  lower  atmosphere  is  a  unique  function  of  the  horizontal  trace  speed, 
i.e.,  for  a  given  atmospheric  model.  Thus,  spaced  transmitter  (or  receiver)  measurements  can  be  used  to 
determine  the  source  locations  of  acoustic  waves. 

As  mentioned  above,  we  know  more  about  the  propagation  of  acoustic -waves  than  about  their  sources. 
Hence,  it  is  appropriate  to  make  use  of  observations,  together  with  suitable  atmospheric  models  to  deter¬ 
mine  the  characteristics  of  the  sources,  e.g , ^  jet  streams,  aurora,  solar,  thunderstorms,  etc.  In  parti¬ 
cular,  more  definitive  studies  should  be  made  on  effects  of  large  scale  weather  patterns  of  the  type  of 
study  initiated  by  Mrs  Goe,  Bowman's  data  may  indicate  a  direct  relationship  (cause  and  effect)  between 
gravity  waves  and  spread  F.  However,  it  is  more  likely  that  these  are  independent  manifestations  of  an 
underlying  solar  influence. 

The  importance  of  winds  in  the  propagation  of  gravity  waves  cannot  be  overestimated,  Hence  one  of 
the  most  pressing  needs  is  for  realistic  height  profiles  of  neutral  winds,  A  given  wind  ha3  a  much  greater 
effect  on  gravity  waves  than  on  acoustic  waves,  because  the  latter  have  larger  phase  velocities.  One  con¬ 
sequence  of  this  is  that  winds  cause  the  forbidden  frequency  range  between  the  acoustic  cutoff  frequency 
and  the  Brunt-Vaisola  frequency  to  decrease  or  even  disappear. 

Finally j  I  should  like  to  point  out  that  the  term  "gravity  wave"  is  rather  unfortunate  and  that 
a  more  descriptive  work  would  be  "buoyancy  wave"  .  The  reason  for  this  is  that  in  any  wave  propagation 
there  must  be  a  restoring  force.  In  the  case  of  gravity  waves  the  restoring  force  on  a  parcel  of  gas  is 
the  difference  between  the  weight  of  the  parcel  and  that  of  the  displaced  air, 


Table  1 

Important  terns  in  atmospheric  neutral-ion  coupling 
Neutral  Ion 


(1) 

Gravity  (or  buoyancy) 

(a) 

Motion  induced  by  neutral  motion 

(?) 

Pressure 

(b) 

Diffusion  (at  great  heights) 

(3) 

Ion  drag  (periods  >  1  hour) 

(c) 

HLectric  fields 

(U) 

Viscosity 

(d> 

Production  ana  loss  (in  FI  layer) 

(b) 

Heat  conduction 

(e) 

Hydromagnet lc  coupling 

(6) 

Winds  and  critical  levels 

(7) 

Coriolis  force  '..'hen  winds  reduce 

the  intrinsic  frequency  t.o  near  zero 

Comments  on  session  III  :  "Haiiioelectric  studies  on  acoustic  gravity  waves  in  the  neutral  arid  ionized 
atmosphere11". 

Prof,  1,  HAN-1  :  I  woulu  line  to  consider  the  Bession  ill  contributions  having  some  direct  concern  with 
problems  of  telecommunication  from  one  nai.d  and  of  radiolocation  of  beyond  the  horizon  targets  from  the 
other  hand. 

The  general  problem  is  that  of  evaluating  the  influence  of  the  acoustic  gravity  waves  on  the  de¬ 
termination  of  the  azimuthal  and  vertical  angle  of  arrival  of  signals  or  of  the  backscsttered  echoes  anu 
of  the  distance  of  the  backscatteririg  target. 
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I  must  refer  first  to  a  paper  which  was  presented  at  the  Session  IV  j  that  is  the  paper  n°  3?  by 
P,  George  (on  ray  tracing  of  gravity  wave  profiles),  which  very  clearly  shows  the  relationship  between  the 
structure  of  the  ionospheric  disturbance  and  the  above  indicated  parameters. 

On  the  ground  of  cur  present  knowledge,  it  seems  that,  from  the  application  point  of  view  the 
more  important  ionospheric  disturbances  are  those  generally  classified  as  mediua-aeale  T,I,D,n  5  but  on 
my  opinion,  ve  should  have  to  assiane  that  this  category  does  include  T.I.D.a  with  periods  up  to  about 
60  minute*  (according  to  the  Hunsucker  paper,  the  upper  limits  should  be  1*0  minutes). 

What  are  then  the  best  experimental  procedure  which  can  provide  useful  information  about  the 
T.I.D,  structure,  on  the  ground  of  which  to  calculate  the  bearing  and  distance  errors  ? 

The  papers,  which  are  more  or  less  directly  concerned  with  such  problem,  are  the  following. 

The  paper  n°  26,  presented  by  A,D,  Morgan  (on  the  effect  of  ionospheric  disturbances  on  the  bea¬ 
ring  of  incoming  akyvaves),  not  only  shows  that  the  bearing  measurements  may  give  useful  information  on 
some  characteristics  of  T.I.D.a,  but  it  also  provides  data  of  direct  interest  for  ionospheric  radio  com¬ 
munication  j  that  is  the  link  degradation  due  to  the  bearing  deviation  when  use  is  made  of  highly  direc¬ 
tive  arrays. 

The  paper  n°  29,  by  R.F,  Treharne  (on  ionospheric  tilt  measurements  near  the  magnetic  dip  equator) 
show*  that  the  tilt  measurements  in  the  vertical  direction  by  means  of  an  interferometric  device  may  alBo 
provide  important  information  on  some  T.I.D,  characteristics. 

We  have  then  to  consider  also  the  methods  based  on  the  measurements  of  the  variation  of  the  arri~ 
val  angle  of  signals  propagating  along  an  oblique  path  passing  through  the  ionosphere  5  the  paper  n°  27, 
by  J,  Litva  is  concerned  with  such  kind  of  determination,  which  was  carried  out  by  observing  the  emission 
on  51.7  MHz  from  localized  sources  on  the  sun  surface  ;  a  limitation  of  the  general  validity  of  this  method 
may  probably  derive  from  the  fact  that  sometimes  more  than  one  gravity  wave  system  are  present  at  diffe¬ 
rent  ionospheric  levels  and  with  different  characteristics. 

The  paper  n°  2U  by  R,  Hunsucker  (on  narrow-beam  KF  radar  investigations  of  mid-latitude  ionosphe- 
ric  structure  and  motion)  shows  that  a  very  fine  and  detailed  knowledge  of  the  T.I.D.  structure  and  move¬ 
ment  is  obtained  by  means  of  a  sophisticated  HI’  backscatter  sounder,  which  due  to  the  use  of  a  very  large 
antennae  array,  may  simultaneously  scan  in  azimuth  and  elevation,  with  beamvidths  of  2°-3°  in  azimuth  and 
of  3°-l*°  in  elevation. 

In  conclusion,  it  seems  that  future  worfi^he' “'conveniently  directed  to  the  development  of  the  pro¬ 
cedure  reported  on  paper  n°  32  by  P.  George,  by  introducing  new  T.I.D,  models  as  deduced  by  means  of  sui¬ 
table  sounding  methods.  These  methods  may  have  not  necessarily  to  require  such  expensive  ana  sophisticated 
equipment,  like  the  narrow-beam  HF  radars,  or  incoherent  backscatter  sounders,  It  seems  that  a  combination 
of  some  simple  experimental  procedures  may  provide  very  useful  date  i.e.a  combine- ion  01  bearing  in  an  obli¬ 
que  or  vertical  path  and  of  vertical  sounding  (fo  I*  -  profiles)  at  the  ionospheric  reflection  zone. 

To  the  important  purpose  of  determining  the  mechanism  of  the  acoustic-gravity  wave  generation  and 
the  location  of  the  source,  it  appears  that  vertical  soundings  to  be  carried  out  in  many  places  may  be 
very  useful  ;  this  is  shown  by  the  6hort  note  presented  by  I.  Panzi  tud  P,  Giorgi, 

Dr.  H.  RlbHDETH  :  The  detection  of  gravity  waves  in  the  lower  ionosphere  or  mesosphere  is  difficult,  but 
it  is  possible  to  use  the  ionization  as  a  ’tracer1  for  the  neutral  air.  Thus  Glass  et  al,  (paper  23)  made 
use  of  meteoric  ionization  for  a  radar  experiment  which  studied  wave  motions  of  2-6  hour  period,  15-30  km 
vertical  wavelength  at  75-105  km  altitude,  Perona  (paper  23)  observed  VLt  transmissions,  reflected  obli¬ 
quely  from  heights  around  70  km,  and  occasionally  detected  wavelike  disturbances  with  periods  of  tens  of 
minutes.  The  interpretation  of  these  phenomena  is  likely  to  be  very  complex,  involving  both  chemical  ana 
dynamical  processes. 

Two  papers  dealt  with  artificial  sources  of  acoustic-gravity  waves,  Rao  (paper  26)  described  how 
an  HF  doppler  sounder,  about  1  1*00  km  from  Cape  Kennedy,  detected  waves  in  the  iorosphere  following  the 
launching  of  Saturn-Apollo  spacecraft.  Liszka  and  Olsson  (paper  30)  described  Swedish  experiments  with 
supersonic  aircraft,  whose  trajectories  can  be  chosen  in  such  a  way  as  to  cause  focssing  of  the  shock 
waves.  Infrasound  waves  (2  Hz)  were  observed  to  be  reflected  from  about  30  km  altitude,  a::u  ionospheric 
effects  at  around  100  km  altitude  were  studied  by  means  of  an  UF  sounder.  It  was  found  that  the  distur¬ 
bances  travelled  up  to  the  ionosphere  more  rapidly  than  expected,  and  also  that  sporadi"  patches  ap-  • 
peared  during  the  experiments. 


Comments  on  Session  IV  :  "Influence  of  acoustic  gravity  waves  on  the  propagation  of  electromagnetic  waves". 

Dr ,  H ,  PALMKR  :  Adequate  summaries  of  the  contents  of  the  papers  in  the  first  half  of  nession  IV  are  cove¬ 
red  m  the  abstracts.  Hence,  I  will  confine  my  remarks  to  a  few  very  general  observations  as  follows  : 

.1)  A  theoretical  understanding  of  HF  radio  paths  in  the  presence  of  ionospheric  irregularities  uue  to 
AGW's  can  be  accomplished  through  ray-tracing  (paper  by  P,  Georges)  or  approximate  full-wave  analysis 
(paper  by  H.  Keener).  Both  of  these  approaches  can  be  very  effective  when  irregularities  are  on  a  scale 
that  is  large  in  terms  of  wavelength.  When  the  scale  of  these  irregularities  becomes  comparable  to  a 
wavelength  ray-tracing  begins  to  lose  its  validity  anil  valid  approximations  to  full-wave  sol  utters  be¬ 
come  more  difficult  to  implement  without  prohibitive  expenditure  of  computer  time.  It  is  .nr  this  uomair, 
that  standard  theory  becomes  least  trustworthy  in  enabling  prediction  cf  effects. 

There  is  perhaps  a  need  for  more  theoretical  ana  experimental  approaches  that  cover  this  parameter  re¬ 
gime. 
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2)  The  use  of  subnicroseoond  pulses  to  probe  the  ionosphere  (paper  by  0,  Lor f ala,  II,  Jurgens  anu 

J.  Joue.lyn)  provides  the  kind  of  resolution  needed  to  determine  the  fine  structure  and  movements  of 
T.I.D.'s,  from  which  their  effects  on  radio  propagation  can  be  assessed.  The  paper  by  R5ttger  demons¬ 
trates  certain  interesting  effects  on  hF  propagation  of  ".I.D.'e  h:,th  parallel  and  traraverse  to  great 
circle  paths.  The  paper  generated  a  certain  amount  of  controversy  ot  er  the  causes  of  T,l,D,'s  propaga¬ 
ting  along  the  magnetic  equator.  This  is  discussed  elsewhere  in  the  program  and  will  not  be  elaborated 
upon  here, 

3)  The  question  of  relevance  of  the  work  reported  here  to  the  needs  of  the  communication  engineer  vas  rai¬ 
sed  during  the  question  period.  There  seems  to  he  no  completely  satisfactory  answer  to  this  question. 

The  results  obtained  by  ionospheric  scientists  cannot  in  every  case  be  immediately  translated  into  in¬ 
formation  directly  useful  to  communications  engineers.  What  it  necessary  (as  remarked  in  another  session) 
is  to  have  a  group  of  workers  who  bridge  th(  gup  between  the  study  of  ionospheric  propagation  as  an  end 
in  itself  and  the  Knowledge  needed  by  the  communications  engineer  to  design  his  oystawE,  Uuch  workers 

do  exist,  but  perhaps  there  is  need  for  more  such  liaison  activity. 

In  analyzing  and  designing  digital  communication  systems,  the  engineer  usually  needs  to  know  such  items 
of  the  propagation  medium  at  multipath  spread,  coherent  bandwidth,  probability  density  functions  of 
fading  and  spectrum  of  fading.  Ideally,  he  would  like  to  have  a  randomly  time-varying  impulse  response 
of  the  propagation  medium  which  contains  most  of  the  above  information.  The  difficulty  is  that  all  of 
these  items  are  "ahort-term"  statistical  in  nature  (i,e»,  they  involve  random  processes  that  are  rou¬ 
ghly  stationary  for  only  a  few  minutes).  When  he  looks  at  results  obtained  by  ionospheric  scientists, 
he  must  usually  do  a  great  deal  of  work  relating  statistics  of  diurnal,  seasonal  anu  possibly  geogra¬ 
phical  variations,  as  reported  in  the  ionospheric  science  literature,  to  the  kind  of  short-term  statis¬ 
tics  he  needs  for  his  design  work.  This  problem  could  be  alleviated  by  the  sort  of  liaison  work  allu¬ 
ded  to  above,  which  would  be  best  pej  formed  by  people  whose  interests  and  knowledge  straddle  the  boun¬ 
daries  between  ionospheric  science  and  communications  engineering. 

Dr,  D.  NIEL30N  !  This  part  of  the  review  of  Session  IV  will  be  concerned  principally  with  the  second  part 
of  the  session  j  namely,  that  associated  with  nuclear-burat-produceu  vavbB,  First  one  might  logically  ask 
what  AGW  data  from  nuclear  bursts  have  to  offer  the  general  field  of  atmospheric  wave  propagation.  In  ans¬ 
wer  it  seems  apparent  that  at  points  remote  from  the  burst  where  the  wave  is  sonic,  there  exists  n.  consi¬ 
derably  simplified  wave  behavior  as  compared  to  many  natural,  sources.  While  much  of  the  nuclear  test  data 
on  AGW's  has  yet  to  appear  in  the  literature  in  an  easily  usable  form,  both  general  behavior  (e,g,,  the 
effect  on  ionization  profiles)  and  data  for  more  detailed  scalings  sire  available.  It  would  appear  that  if 
we  fail  to  understand  the  basically  simpler  neutral  wave  from  the  nuclear  burst,  including  how  it  couples 
to  the  ion  gas,  we  will  not  understand  the  multiplicity  of  natural  waves  with  their  more  complex  sources 
and  overlapping  effects. 

The  study  of  nuclear-burst-produced  AGW's  may  be  classified  into  (1)  analysis  of  wave  mechanics  or 
diagnosis  of  the  mediiur.  and  (2)  predictive  models.  Considering  the  former  we  have  seen  in  this  session 
that  the  type  of  waves  generated,  that  is  the  mode(s)  into  which  energy  is  coupled,  are  substantially  in¬ 
fluenced  by  the  available  energy  of  the  burst  and  its  altitude.  That  a  720  m/sec  principal  (fast)  wave 
from  the  low  altitude  French  test  appeared  supersonic  (decreasing  velocity  with  distar.ee)  while  an 
800  m/sec  wave  from  the  U.S,  high  altitude  test  appeared  linear,  should  not  be  considered  contradictory. 
Similarly,  when  both  low  and  high  altitude  tests  generate  multiple  waves  (in  this  case  two)  it  should  not 
be  concluded  that  the  second  or  slower  waves  have  a  common  origin  or  propagation  altitude.  We  are,  of 
course,  hampered  in  our  analysis  by  proper  source  models  without  which  it  is  difficult  to  stipulate  the 
propagating  ray  (energy)  path.  This  is  particularly  evident  at  higher  altitudes. 

It  was  evident  from  the  remarks  of  Pr,  Broche  and  Capitaine  Halley  a-  well  as  from  the  U.S,  results, 
that  predictive  methodologies  must  necessarily  contain  empirical  scaling.  This  empiricism  reflects  our  in¬ 
complete  understanding  but  nevertheless  allows  us  to  match  what  limited  observations  exist.  Furthermore, 
calculational  models  that  ore  in  part  empirical  normally  permit  more  rapid  and  economical  estimates  of 
communication  effects.  Quite  obviously,  however,  limited  test  data  and  obnervation  points  do  not  permit 
scaling  or  extension  to  all  possible  situations.  Therefore,  ss  theory  is  developed  which  can  extend  the 
calculational  model,  such  increased  capability  should  lie  incorporated. 

An  effect  that  has  not  received  theoretical  attention  at  this  conference  but  which  is  of  critical 
i.-.terect  in  the  vicinity  of  high  altitude  nighttime  bursts,  is  the  possibility  of  altered  chemistry  during 
t.ie  passage  of  a  wave.  Such  alteration  may  arise  either  from  the  movement  of  an  ion  to  regions  of  diffe¬ 
rent  reaction  rates  or  by  elevated  pressure  and  temperature  forming  metastable  ion  states  having  substan¬ 
tially  different  capture  crossection.  Whether  natural  waves  can  impart  this  type  of  non-linearity  is  not 
known. 

We  have  seen  that  AGW's  can  affect  communications  in  two  ways  :  (l)  altering  the  propagating  radio 
spectrum  between  tvo  points,  and  (2)  changing  the  distortion  of  the  communication  signal-,  Both  the  French 
and  the  U.S,  tests  illustrated  each  effect.  Spectrum  loss  on  the  low  altitude  French  tests  was  curiously 
in  the  middle  of  the  preshot  spectrum  whereas  those  for  the  high  altitude  tests  were  generally  from  the 
upper  end.  Distortions  to  the  received  signal  in  the  form  of  Doppler  md  time  delay  spreads  were  seen  to 
be  of  some  consequence  on  large  amplitude  AGW's  whereas  tney  are  of  limited  effset  for  smaller  or  low  alti¬ 
tude  bursts. 

Finally,  of  general  interest  is  the  observation  that  AGW's  may  be  one  means  of  triggering  and  per¬ 
haps  sustaining  the  inhomogenietiee  that  we  loosely  term  spread-F.  This  was  evident  both  in  a  paper  by 
It.  Bowman  as  well  as  in  the  data  from  the  U,b,  high  altitune  tests.  In  both  instances  there  appeared  to 
be  a  requirement  for  an  appreciable  component  of  the  earth's  magnetic  field  to  be  perpendicular  to  the 
acoustic  wave  normal.  These  observations  may  have  significance  both  in  arbitrary  AGW  horizontal  direction 
vectors  at  high  latitude  and  for  cent- west  or  vertical  propagation  at  the  dip  equator. 
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